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Abstract 
The engineering of liquid behavior on surfaces is important for infrastructure, 
transportation, manufacturing, and sensing.  Surfaces can be rendered superhydrophobic by 
microstructuring, and superhydrophobic devices could lead to practical corrosion inhibition, self-
cleaning, fluid flow control, and surface drag reduction.  To more fully understand how liquid 
interacts with microstructured surfaces, this dissertation introduces a direct method for 
determining droplet solid-liquid-vapor interfacial geometry on microstructured surfaces.  The 
technique performs metrology on molten metal droplets deposited onto microstructured surfaces 
and then frozen. Unlike other techniques, this visualization technique can be used on large areas 
of curved and opaque microstructured surfaces to determine contact line.  This dissertation also 
presents measurements and models for how curvature and flexing of microstructured polymers 
affects hydrophobicity.  Increasing curvature of microstructured surfaces leads to decreased slide 
angle for liquid droplets suspended on the surface asperities.   For a surface with regularly 
spaced asperities, as curvature becomes more positive, droplets suspended on the tops of 
asperities are suspended on fewer asperities.  Curvature affects superhydrophobicity because 
microscopic curvature changes solid-liquid interaction, pitch is altered, and curvature changes 
the shape of the three phase contact line.  This dissertation presents a model of droplet 
interactions with curved microstructured surfaces that can be used to design microstructure 
geometries that maintain the suspension of a droplet when curved surfaces are covered with 
microstructured polymers.  Controlling droplet dynamics could improve microfluidic devices 
and the shedding of liquids from expensive equipment, preventing corrosion and detrimental 
performance.  This dissertation demonstrates redirection of dynamic droplet spray with 
anisotropic microstructures. 
  iii
 Superhydrophobic microstructured surfaces can be economically fabricated using metal 
embossing masters, so this dissertation describes casting-based microfabrication of metal 
microstructures and nanostructures.   Low melting temperature metal was cast into flexible 
silicone molds which were themselves cast from microfabricated silicon templates.  The 
flexibility of the silicone mold permits casting of curved surfaces, which this dissertation 
demonstrates by fabricating a cylindrical metal roller with microstructures.  The metal 
microstructures can be in turn used as a reusable molding tool.  This dissertation also describes 
an industrial investment casting process to produce aluminum molds having integrated 
microstructures.  Unlike conventional micromolding tools, the aluminum mold was large and had 
complex curved surfaces.  The aluminum was cast into curved microstructured ceramic molds 
which were themselves cast from curved microstructured rubber.  Many structures were 
successfully cast into the aluminum with excellent replication fidelity, including circular, square, 
and triangular holes.  This dissertation demonstrates molding of large, curved surfaces having 
surface microstructures using the aluminum mold.  This work contributes a more full 
understanding of the phenomenon of superhydrophobicity and techniques for the economic 
fabrication of superhydrophobic microstructures. 
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1 Introduction 
 The interaction of liquids with solid surfaces affects commonly used products.  A newly waxed 
car repels rain, allowing droplets to collect dirt and debris as they roll off.  The hydrophobic wax 
reduces corrosion, increasing the lifetime of the car and reducing the cost of transportation.  Underneath 
the waxed hood, the cast metal engine block was fabricated by pouring molten liquid metal into a mold.  
Microscale surface roughness in the mold affected heat transfer during cooling and final roughness of 
the cast part.  While the interaction of liquids with solids is commonplace, we do not fully understand 
many aspects of the interaction.  Understanding more aspects of the interaction could lead to better 
design of devices that control liquid transport and inexpensive fabrication techniques for those devices.  
Two areas that could benefit from increased knowledge of liquid-solid interaction are 
superhydrophobicity and metal microcasting. 
 
1.1 Superhydrophobicity 
Superhydrophobicity is the extreme water repelling ability of some natural surfaces such 
as the lotus leaf [1] and synthetic surfaces that mimic the surface structure and chemistry of the 
lotus leaf [2].  Interfacial tension forces suspend water on the tops of micro- and nanoscale 
pillars, allowing the water to roll off the structured surface when tilted only a few degrees.  
Using inexpensively fabricated superhydrophobic products to protect expensive equipment could 
mitigate the cost of corrosion.  The National Association of Corrosion Engineers estimates 
corrosion consumes 3% of the Gross Domestic Product of the United States annually [3].  
Superhydrophobic surfaces can also exhibit “self-cleaning” properties because droplets that roll 
off of the surface can carry away dirt particles and even biological material such as mold spores 
that are larger than the microstructures [1].  To reduce cleaning costs by 50% on the largest 
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tunnel in Europe, the Sodra Lanken tunnel in Stockholm, a spray coating of superhydrophobic 
nanoparticles has been applied [4, 5].   
As Figure 1.1 illustrates, simple surface roughening techniques can increase the surface 
area of a solid and thereby amplify the natural surface chemistry:  phobic interactions become 
more phobic upon simple roughening, and philic interactions become more philic [6].    When 
the surface is phobic to water, it is termed hydrophobic and can be rendered superhydrophobic 
by microstructuring.   
 
Figure 1.1 Surface roughness amplifies natural surface chemistry. 
Three commonly used models describe different wetting states of a liquid drop resting on 
a solid:  the Young relation, Wenzel relation, and Cassie-Baxter relation.  In 1805, Thomas 
Young analyzed the interaction of a fluid droplet resting on a solid surface surrounded by a gas 
in Figure 1.2 by performing a force balance on the interfacial forces.  The force balance showed 
LV
SLSV
γ
γγθ −=cos                                                                                (1.1) 
where the contact angle of the droplet θ is shown on the left hand side of Figure 1.2, γSV is the 
interfacial tension between the solid and vapor, γSL is the interfacial tension between the solid 
and liquid, and γLV is the interfacial tension between the liquid and vapor [7].  If γSL < γSV, the 
contact angle is less than 90°, and if the liquid is water then the solid is termed hydrophilic.  If 
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γSL > γSV, the contact angle is greater than 90°, and if the liquid is water then the solid is termed 
hydrophobic. 
 
Figure 1.2. A droplet resting on a solid surface and surrounded by a gas forms a characteristic 
contact angle θ.  If the solid surface is rough, and the liquid is in intimate contact with the solid 
asperities, the droplet is in the Wenzel state.  If the liquid rests on the tops of the asperities, it is 
in the Cassie-Baxter state. 
 
In 1936, Wenzel examined roughened surfaces and assumed that liquid was in intimate contact 
with solid asperities.  Wenzel determined that when the liquid moves a differential distance dx 
the liquid experiences a change of surface energy dE = r(γSL - γSV)dx + γLV dx cos θ where r is the 
ratio of the actual area to the projected area [8].  Because equilibrium implies dE/dx = 0, the 
increased solid area interacting with the liquid will change θ to θW as 
cos θW = r cos θ                                                       (1.2). 
 
If we assume that the liquid is suspended on the tops of the asperities and denote φ to be the area 
fraction of the solid that the liquid touches, such a liquid that moves a differential distance dx 
experiences a change of surface energy dE = φ(γSL - γSV)dx + (1- φ ) γLV dx +  γLV dx cos θCB.  At 
equilibrium we can solve for the Cassie-Baxter equation [9] 
cos θCB  = φ(cos θ + 1) – 1                                                (1.3). 
Liquid in the Cassie-Baxter state is more mobile than in the Wenzel state, and so the Cassie-
Baxter state is often the desired state for superhydrophobic applications.  We can predict whether 
the Wenzel or Cassie-Baxter state should exist by calculating the new contact angle with both 
equations.  By a minimization of free energy argument, the relation that predicts the smaller new 
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contact angle is the state most likely to exist.  Stated mathematically, for the Cassie-Baxter state 
to exist, the following inequality must be true [2] 
ϕ
ϕθ −
−<
r
1cos                                                           (1.4). 
To understand the interplay of surface chemistry and the geometric parameters involved 
in achieving the Cassie-Baxter state on flat microstructured surfaces, we used equation 1.4 to 
predict the pillar heights that cause a transition between the Wenzel and Cassie-Baxter states for 
a given original contact angle, microstructure diameter, pitch, and height.  Figure 1.3 shows the 
critical height versus new contact angle trends for a square lattice of circular micropillars with 
diameter of 25 µm, a pitch range from 30 µm to 100 µm, and contact angle range from 91° to 
120°.  120° is generally accepted as the largest original contact angle currently possible, and 
critical pillar height is undefined for 90° [6].  An example of how to use Figure 1.3 follows:  for 
materials with an original contact angle of 110°, to achieve θCB of 150°, a pitch of 50 µm is 
necessary.  The microstructure height will also need to be large enough to cause the Cassie-
Baxter state rather than the Wenzel state.  Figure 1.3 shows that for an original contact angle of 
110° and pitch of 50 µm, a height of at least ~45 µm is necessary to cause the Cassie-Baxter 
state.  Figure 1.3 also shows that increasing original contact angle reduces critical height and 
increases new contact angle.  While it is possible to increase pitch and elicit higher new contact 
angles, the higher new contact angles come at a cost of increasingly high required microstructure 
height for the Cassie-Baxter state. 
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Figure 1.3.  Transition heights between Wenzel and Cassie-Baxter states vs New Contact Angle.    
Diameter = 25 µm, Pitch Range = 30-100 µm, Original Contact Angle Range = 91° to 120°.  
When increasing the microstructure pitch, the pillars can be made tall enough to cause the 
Cassie-Baxter state.  As θ increases, the critical height decreases for the same original pitch, and 
the new contact angle increases. 
 
Contact angle is a measure of static hydrophobicity, and contact angle hysteresis and 
slide angle are dynamic measures.  Contact angle hysteresis is a phenomenon that characterizes 
surface heterogeneity [10].  When a pipette injects a liquid onto a solid, the liquid will form 
some contact angle and three phase contact line.  The three phase contact line is the line around 
the droplet where the three phases of solid, liquid, and vapor interact.  As the pipette injects more 
liquid, the droplet will increase in volume, the contact angle will increase, but its three phase 
boundary will remain stationary until it suddenly advances outward. The contact angle the 
droplet had immediately before advancing outward is termed the advancing contact angle.  The 
receding contact angle is now measured by pumping the liquid back out of the droplet. The 
droplet will decrease in volume, the contact angle will decrease, but its three phase boundary will 
remain stationary until it suddenly recedes inward. The contact angle the droplet had 
immediately before receding inward is termed the receding contact angle. The difference 
between advancing and receding contact angles is termed contact angle hysteresis which can be 
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used to characterize surface heterogeneity, roughness, and mobility.  Surfaces that are not 
chemically homogeneous will have domains which impede motion of the contact line [10].  The 
slide angle is another dynamic measure of hydrophobicity and is measured by depositing a 
droplet on a surface and tilting the surface until the droplet begins to slide.  Liquids in the 
Cassie-Baxter state generally exhibit lower slide angles and contact angle hysteresis than those in 
the Wenzel state. 
Published research on microstructured hydrophobic surfaces has focused almost 
exclusively on flat surfaces, but many surfaces that could benefit from superhydrophobicity are 
curved such as an airplane wing or ship hull.  Common theories for designing superhydrophobic 
surfaces emphasize that microstructure pitch affects hydrophobicity [2, 8, 9, 11].  The flexing of 
a polymer can change microstructure pitch, affecting hydrophobicity, but no published research 
has explored liquid-solid interaction during flexure of a superhydrophobic surface. 
 While the droplet contact line has been identified as being an important focus for 
superhydrophobic design, the desired design is not clear.  The contact line is the portion of a 
droplet that interacts dynamically with a solid surface.  Because applications for 
superhydrophobicity focus on droplet dynamics such as moving water off or along a surface with 
low force, the contact line is a critical hydrophobic parameter [11-15].  Unfortunately, the 
contact line is not well understood because it is difficult to investigate [16].  It is possible to 
probe the inner regions of a droplet resting on a flat, transparent solid with light scattering 
techniques [17-20], but no published work presents a technique for investigating complete solid-
liquid-vapor geometry on curved, opaque solids.   
Directing impinging droplets could be useful for water harvesting technology in arid 
environments [21, 22] and shielding people or equipment from corrosion or dangerous liquid 
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spray.  Published research has examined criteria for impinging droplets sticking, bouncing off, or 
partially sticking to microstructured surfaces [23, 24].  Naturally occurring surfaces such as 
butterfly wings and beetle exoskeleton can influence sliding droplets directionally with 
nanoscale structures, and synthetic structures have also caused directional preferential sliding for 
droplets starting from rest [21, 22, 25, 26].  However, no research has designed and fabricated 
microstructures for trajectory redirection of bouncing droplets. 
  
1.2 Metal microcasting 
Embossing is a low-cost high throughput technique that can produce superhydrophobic 
microstructures in polymer, and microstructured metal can be used as an embossing master [27-
29].  Figure 1.4 explains the embossing process where a structured master replicates its structures 
into the polymer.  Heating polymer above the glass transition temperature (Tg) softens the 
polymer, and applying force to the master allows the softened polymer to flow into the cavities 
of the master.  Cooling the polymer below the Tg then hardens the polymer, and when the master 
releases the polymer it is molded to the shape of the master.  Embossing processes have formed 
nanostructures as small as 10 nm in thermoplastic polymer [30] and can also structure thermoset 
polymers [31].  For thermoset polymers the master is pressed into a partially cured thermoset, 
and the polymer flows into the master cavities.  Heat causes the thermoset polymer to fully cure, 
and when the master releases the polymer the microstructures are replicated.  Embossing can 
produce meter-scale width continuous microstructured polymer sheets while most 
microfabrication techniques are limited to single samples of ~100 cm2. 
Casting is an inexpensive process that can produce microstructures in polymer, ceramic, 
and metal [31-33].  A key difference between embossing and casting methods is that casting 
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methods do not use applied force to the master.  Instead, the material to be microstructured is 
poured onto the microstructured master.  Optionally, vacuum-assisted casting removes entrapped 
gas from the material that occurs in premixing steps or from the master cavities.  When vacuum-
assisted casting is used, releasing the vacuum after entrapped gas has been released reduces the 
size of any remaining voids in the cast material.  For both embossing and casting the master is 
often reusable. 
                
Figure 1.4.   Embossing and Casting techniques are inexpensive methods which can fabricate 
microstructured polymer, ceramic, and metals. 
 
Metal microstructures and nanostructures are attractive for manufacturing molds for 
embossing [34] as they can be reused many times more than molds composed of traditional 
microfabrication materials such as silicon or quartz.  Embossing techniques can fabricate 
nanostructures at 1/1000 the cost of conventional fabrication techniques.  Unlike paint, spray, or 
plasma coatings that can render surfaces more hydrophobic by creating disordered structures, 
embossing processes can fabricate geometrically anisotropic ordered three dimensional micro- 
and nanostructures capable of directing the motion of liquids that interact with the ordered 
structures.  After embossing, the inexpensive and flexible microstructured polymer can act as a 
protective skin on complex curved surfaces that corrode easily.   
Recent work has demonstrated fabrication of metal sub millimeter, micro-, and 
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nanostructures using forging [35-42], electroplating [34, 43-46], and casting [31, 47, 48].  
Forging is similar to embossing in that a master structures a sample by applying force to a 
sample and releasing with the sample molded to the shape of the master, but in forging the 
sample is metal.  Because the sample is metal, the master must be composed of an extremely 
hard and durable material which increases the cost of the master fabrication.  Casting processes 
can fabricate curved structured surfaces more easily than forging, and metal casting has higher 
throughput and larger sample size than electroplating.  Casting processes could fulfill an existing 
need for inexpensive, scalable, parallel processes for producing metal microstructures on curved 
surfaces, so casting metal to flat and curved microstructured molds is another theme of this 
dissertation.   
        
1.3 Dissertation Overview 
The understanding of superhydrophobicity, microfluidic devices, and microcasting 
techniques can all benefit from investigating wetting characteristics on microstructured surfaces.  
This dissertation reports experiments and models developed at University of Illinois that 
investigate microscale liquid-solid interaction for superhydrophobicity and metal casting.  
Chapter 2 describes a technique where examination of a metal droplet frozen to microscale 
pillars reveals full three-dimensional solid-liquid-vapor geometry, allowing direct viewing of 
interactions that have been previously inaccessible.  Chapter 3 presents experiments and a model 
that probe droplet interaction with curved surfaces and uses the metal droplet technique to more 
fully understand superhydrophobicity on curved surfaces.  Chapter 4 describes dynamic droplet 
bouncing on microscale pillars and ridges and demonstrates droplet trajectory redirection using 
the microscale ridges.  The experiments and models illuminate new approaches to understanding 
superhydrophobicity and show new device functionality. 
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 The second area of interest investigates the microscale metal casting of masters that can 
then be used for the inexpensive fabrication of microstructured replicates.  Chapter 5 describes 
casting processes for producing flat and curved microstructured metal masters with melting 
temperature 138 °C that embossed superhydrophobic polymer.  Because many embossing 
processes require meter-scale masters capable of operating well above 138 °C, Chapter 6 
presents a modified scalable industrial casting process that produced microstructured aluminum 
masters which where used to cast silicone with enhanced hydrophobicity.  Developing 
inexpensive microscale casting processes could lead to mass production of microstructured 
consumer products with benefits such as superhydrophobicity. 
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2 Visualizing contact line phenomena on microstructured 
superhydrophobic surfaces 
 
2.1 Introduction 
The presence of microstructures or nanostructures on a surface can influence how that 
surface interacts with liquids [1-4].  When simple surface roughening techniques are employed, 
increased surface area amplifies the natural surface chemistry:  hydrophilic surfaces become 
more hydrophilic upon roughening, and hydrophobic surfaces become more hydrophobic [5].  
While the interaction between the droplet and the surface microstructures is understood to 
control the macroscopic wetting dynamics, few experimental methods have been reported to 
study the microscopic interaction between a droplet and a microstructured surface.  This chapter 
reports metrology of microscopic contact line phenomena via metal droplets frozen onto a 
microstructured surface. 
The macroscopic interaction of a liquid droplet with a surface can be understood in terms 
of the surface chemistry, surface morphology, and contact angle between the droplet and the 
surface. Figure 2.1 shows a droplet with contact angle θ interacting with a microstructured 
hydrophobic surface.  Contact angle is a measure of the static hydrophobicity of a surface and is 
given by cos θ = (γSV – γSL)/ γLV where γSV is the interfacial tension between the solid and vapor, 
γSL is the interfacial tension between the solid and liquid, and γLV is the interfacial tension 
between the liquid and vapor [6].  The size, shape, and pitch of microstructures on a surface 
affect the droplet on the surface in either state [7, 8].  It is desirable for the droplet to be 
suspended on top of the microstructures, in the Cassie-Baxter state (θCB), because the droplet is 
significantly more mobile in this state compared to the Wenzel state (θW) [3].   The Wenzel state 
 
 
14
is described by cos θW  = rcos θ where r is the ratio of the actual contact area versus the projected 
contact area [7].  If liquid is suspended on the tops of microstructures, θ will change to θCB as cos 
θCB = φ(cos θ + 1) – 1 where φ is the area fraction of the solid that touches the liquid [8].  
According to one criterion, for the Cassie-Baxter state to exist, the following inequality [3] must 
be satisfied:  cos θ < (φ-1)/(r-φ).  Thus the contact angle, area ratio, and area fraction are the 
primary parameters that determine how a droplet wets a solid.   
The preceding analysis is appropriate for any macroscopic solid-liquid-vapor system 
where surface and pressure forces dominate the droplet wetting.  Thus it is possible to make 
analogies between one solid-liquid-vapor system and another if the contact angle, area ratio, and 
area fraction are similar.   
The liquid-vapor-solid interface around a droplet is a critical aspect of hydrophobicity [9-
13] because it is the portion of a droplet that interacts dynamically with a solid surface.  The 
microscopic physical phenomena of this interface are not fully understood.  Some reports claim 
that a rough and jagged contact line increases hydrophobicity [14] while others claim a smooth, 
continuous contact line is desirable [15].  A clear understanding of this interface is elusive 
because it is difficult to experimentally investigate without modifying its behavior [14].  While 
light scattering techniques [2, 16-18] can probe inner regions of a droplet resting on a flat and/or 
transparent solid, no published article reports a method capable of measuring the microscopic 
details of the complete solid-liquid-vapor interfacial geometry for large areas of opaque, curved 
surfaces.  This chapter uses a low melting temperature metal alloy to investigate droplet 
geometry on and interaction with microstructured surfaces.  Metrology of the solidified metal 
alloy reveals the complete solid-liquid-vapor interfacial geometry.   
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Figure 2.1 A) A droplet forms a contact angle θ on a smooth surface, θW in the Wenzel state, or 
θCB in the Cassie-Baxter state. B)  Underside of 18 µl metal droplet solidified on silicone pillars.  
C) Light impressions from pillar tops indicate Cassie-Baxter while D) Well-defined holes from 
pillars indicate Wenzel. 
 
2.2 Experiments and results 
The experiments discussed herein used a low melting temperature metal alloy, CerroLow, 
which has a contact angle of 110° on smooth silicone after solidifying.  This contact angle is 
similar to that of a water droplet on fluorosilanated silicone.  Because the mechanics of the 
droplet-solid interface are similar for these two systems, analysis of the metal droplet on silicone 
could lead to insights that could be relevant for water on fluorosilanated silicone, or any other 
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solid-liquid system that had a similar contact angle.  The analogy between metal-on-silicone and 
water-on-fluorosilanated silicone is valid for geometric trends such as contact angle and contact 
line but not for data concerning forces because the metal we discuss has a surface tension of 
~390 mN/m while the surface tension of water is ~70 mN/m. 
The experiments used 18 µl of CerroLow alloy, which has a melting temperature of 47 
°C and composition of 44.7% Bismuth, 22.6% Lead, 19.1% Indium, 8.3% Tin, and 5.3% 
Cadmium by weight [19]. The metal was melted on an 80 °C hot plate and dropped from pipette 
tips preheated to 60 °C.  The metal droplets were deposited onto microstructured silicone 
substrates resting on a hot plate at 80 °C.  The microstructured silicone substrates consisted of 
Polydimethylsiloxane (PDMS) Sylgard 184 silicone micropillars of height 10 µm in a square 
lattice with lateral sizes ranging 10 - 300 µm.  For all samples pillar diameter was equal to pillar 
spacing.  After the hot plate was turned off and the metal cooled and solidified, the droplets were 
removed with polymer tweezers and examined using scanning electron microscopy (SEM) where 
Wenzel and Cassie-Baxter states were identified and contact line data was acquired and 
analyzed. Examining frozen metal under SEM has several advantages over attempting to 
examine frozen water.  Ambient temperature and the heat from the 5 kV electron beam in a SEM 
would quickly liquefy a frozen water droplet while the solid metal of this study did not melt or 
change during approximately one hour of observation in SEM.  Water also expands 9.1% by 
volume upon freezing while the metal used in this study contracts only 0.06% by volume [19].  
Therefore the present metal droplet method provides an accurate microscale snapshot in time of 
the three-dimensional geometry of the liquid resting on a microstructured solid which is not 
possible for water.  One published article showed metrology of a metal droplet frozen on one 
surface, but no quantitative information was gathered about the contact line [14].   
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Figure 2.1 B) shows a SEM of one metal droplet that had been deposited onto silicone 
micropillars with diameter = 100 µm, spacing = 100 µm, and height = 10 µm.  The Wenzel and 
Cassie-Baxter states are apparent in separate regions of the same droplet.  The contact angle for 
this droplet was 128°.  Figure 2.1 C) shows the Cassie-Baxter state: silicone pillars made only 
light impressions in the metal.  However, Figure 2.1 D) shows the Wenzel state evident by the 
sharply contrasted, well-defined holes in the metal.  Optical microscopy confirmed the 
coexistence of Wenzel and Cassie-Baxter states for the three samples inspected.  Changing the 
focal point from the bottom of the holes to the top of the holes required approximately 10 µm of 
vertical travel. 
The coexistence of both Wenzel and Cassie-Baxter states in the same droplet suggests 
that 10 µm is near the transition height between the two states, and a recently proposed critical 
height criterion [10] supports a 10 µm transition height.    The critical height relation is hc = 
s·tan[(θ + ω -180°)/2] where s is half the spacing between pillars, and ω is the angle of the pillar 
side with respect to its base.  Assuming ω = 90°, the structure of Figure 2.1 B) should have a 
critical height of 8.8 µm, compared to 10 µm height in the present study.  Minimization of free 
energy criterion [20] for Cassie-Baxter state existence cos θ < (φ-1)/(r-φ) predicts a critical area 
ratio r of 2.6 - seemingly a conservative estimate because an area ratio of only 1.1 allows the 
Cassie-Baxter state. 
To characterize how droplet contact line changes with microstructure geometry, we 
deposited the metal onto silicone micropillars with height = 10 µm and various diameters and 
spacings in the range 10 - 300 µm, shown in Figure 2.2.  As the structure size decreased, we 
increased the magnification of the pictures in Figure 2.2 for better viewing.  While area fraction 
φ remained at 19.6% for all pillar geometries tested, area ratio r varied from 1.03 to 1.8.  An 
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indirect method of determining Cassie-Baxter state transition for a set of microstructures is to 
identify a significant increase in contact angle [21].  The droplet in Figure 2.2 that solidified on 
micropillars with diameter = 300 µm is visibly in the Wenzel state and has contact angle θW = 
118°.  When we increased area ratio r with micropillars with diameter = 100 µm, solidified 
droplets are visibly in both the Wenzel and Cassie-Baxter state with θCB/W = 128°, a larger 
contact angle than that of the 300 µm diameter sample.  For diameters smaller than 100 µm, the 
droplets were exclusively in the Cassie-Baxter state with mean θCB = 136°, even larger than the 
contact angle found for the 100 µm diameter case.  The sudden increase in contact angle together 
with the critical height relation further supports the claim of a 10 µm transition height for the 100 
µm diameter structures.   
 
Figure 2.2 Scanning electron microscope images of 10 µm tall silicone pillar arrays with spacing 
= diameter ranging 10-300 µm, and underside of metal droplets solidified on pillars at the 
contact line. 
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Figure 2.3 shows the measured two-dimensional geometry of the contact lines from the 
metal droplets of Figure 2.2.  To acquire quantitative contact line data, we counted pillar 
impressions in the metal droplets shown in Figure 2.2 and plotted the contact lines around each 
entire droplet.  To quantify roughness of the contact line, we used root mean squared roughness 
(RRMS), calculated as the standard deviation about the mean length of continuous straight 
segments of contact line.  The goal of quantifying contact line roughness is to better understand 
if rough or smooth contact lines promote dynamic hydrophobicity.  Straight segments are 
viewable on the top, bottom, and sides of the contact lines due to the rectangular array.  RRMS 
decreases with decreasing diameter and pitch with a trend of RRMS ≈ 1.5·Pitch.  The decrease in 
RRMS with decreasing pitch helps explain why smaller length scales are associated with a 
decrease in slide angle [22, 23].  Because capillary forces scale with length, decreasing a 
characteristic length that describes droplet-surface interaction such as RRMS could decrease the 
capillary forces that prevent a droplet from sliding on the surface.   
To check if water on fluorosilanated silicone behaves similarly to CerroLow on non-
fluorosilanated silicone, we treated the silicone micropillars with (tridecafluoro-1,1,2,2-
tetrahydrooctyl)-1-trichlorosilane and deposited 18 µl of deionized water resulting in a contact 
angle of 112°.  On smooth fluorosilanated silicone with no microstructures, 18 µl water droplets 
do not slide under the force of gravity for any tilt angle of the surface.  On fluorosilanated 
silicone  substrates having micropillars with diameter = 100 µm and height = 10 µm, water 
droplets slid when the substrate was tilted only 14°, implying at least portions of the droplets are 
in the Cassie-Baxter state, and supporting the analogy between CerroLow on silicone and water 
on fluorosilanated silicone.  The present approach can be used to inform the design of 
microstructured hydropbobic surfaces with solid-liquid-vapor materials other than the materials 
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presented here.  
 
Figure 2.3 Contact lines of 18 µl metal droplets deposited on 10 µm tall pillars of diameter and 
spacing ranging 10-300 µm.  RMS Roughness (RRMS) decreases with decreasing diameter and 
pitch and is ~50% larger than pitch. 
 
2.3 Discussion 
The results presented in Figure 2.3 help explain why previous work has found decreasing 
resistance to sliding with decreasing structure size [22, 23].  As micropillar diameter and spacing 
became smaller while height remained constant, the area ratio and pillar aspect ratio increased.  
The grid of micropillars became discretized on a finer scale, causing smaller energy barriers 
between different contact line shapes.  Smaller energy barriers allowed the droplets to form more 
circular contact lines with smaller RRMS.  Therefore, when using the roughness metric of RRMS, 
the present results support the claim that a smooth, continuous contact line is desirable for 
decreased dynamic resistance [15]. 
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2.4 Conclusions 
This chapter investigates hydrophobicity by inspecting the characteristics of metal 
droplets frozen onto microstructured surfaces.  The method introduced here accesses complete 
wetting state information and three-dimensional geometry and could be used for large areas of 
curved, opaque surfaces unlike other current techniques.  A one-to-one mapping of all 
quantitative data between metal-on-silicone and water-on-fluorosilanated silicone should not be 
assumed because the surface tension forces that suspend the metal on the tops of pillars are ~6 
fold greater than the forces that act on water on the same pillars.  However, we can learn about 
geometric trends such as 1) contact line RRMS ≈ 1.5·Pitch for square lattices and 2) smaller 
structure sizes lead to more circular contact lines.   Future work could investigate contact lines 
on different types of lattices and other types of metal liquids. 
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3 Hydrophobicity on curved microstructured surfaces  
 
3.1 Introduction 
 
Hydrophobicity is the characteristic of a surface representing its ability to reject the 
wetting of water.  Hydrophobicity can inhibit corrosion, increase the mobility of water droplets, 
and reduce surface drag [1-8].  Microstructures or nanostructures fabricated onto a surface can 
affect the hydrophobicity of that surface by modulating droplet-surface interactions [9].  
Published research on microstructured hydrophobic surfaces has been limited almost exclusively 
to flat substrates, while many applications that would benefit from hydrophobicity have curved 
surfaces.  This chapter explores how the macroscopic curvature and distortion of a flexible 
polymer substrate with integrated surface microstructures can affect surface hydrophobicity.   
Figure 3.1 shows how a droplet with contact angle θ can interact with a microstructured 
hydrophobic surface.  The liquid can either fully wet the substrate in the Wenzel state with 
contact angle θW, or the liquid is suspended on the tops of the microstructures in the Cassie-
Baxter state with contact angle θCB.  The presence of the microstructures influences wetting in 
both the Wenzel and Cassie-Baxter states.  It is desirable to achieve the Cassie-Baxter state 
because the droplets are significantly more mobile compared to the Wenzel state [1].   The size, 
shape, and pitch of microstructures on a surface affect the droplet state on the surface in either 
state and has been extensively studied [10-12]. 
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Figure 3.1.  A) A droplet resting on a solid surface and surrounded by a gas forms a 
characteristic contact angle θ.  If the solid surface is rough, the liquid is either in the Wenzel state 
with θW or the Cassie-Baxter state with θCB.  B) Pictures of Glycerol/Water droplet on silicon that 
is either nonmicrostructured (left) or microstructured (right). 
 
The interaction of a liquid droplet resting on a solid surface surrounded by a vapor can be 
described by 
cos θ = (γSV – γSL)/ γLV                                                     (3.1) 
where θ is the contact angle of the droplet (Figure 3.1A), γSV is the interfacial tension between 
the solid and vapor, γSL is the interfacial tension between the solid and liquid, and γLV is the 
interfacial tension between the liquid and vapor [13].  Wenzel determined that when the liquid 
fully wets a microstructured surface, θ will change to θW as 
cos θW  = r cos θ                                                       (3.2) 
where r is the ratio of the actual solid area to the projected area of the solid [10].  Cassie and 
Baxter found that if the liquid is suspended on the tops of microstructures, θ will change to θCB 
as 
cos θCB = φ(cos θ + 1) – 1                                              (3.3) 
where φ is the area fraction of the solid in contact with liquid [11].   
B) 
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Figure 3.1B shows a liquid droplet on both microstructured silicone and 
nonmicrostructured smooth silicone.  The droplet is a 40/60 mixture of glycerol/water by weight, 
and the volume is 10 µl.  The substrate is silicone in both cases, and the microstructures are 25 
µm diameter x 50 µm pitch x 70 µm tall.  As expected, the contact angle is higher for the 
microstructured substrate compared to the nonmicrostructured substrate.   
While surface hydrophobicity is most often described in terms of static contact angle of a 
nonmoving droplet on a surface, dynamic characterization of moving droplets is also possible.  
The slide angle is a dynamic measurement of surface hydrophobicity, measured by placing a 
droplet on a surface and then tilting that surface until the droplet slides.  As gravity pulls the 
droplet along the surface, the droplet shape changes such that the downhill portion of the droplet 
experiences an increase in contact angle and the uphill portion of the droplet experiences a 
decrease in contact angle.  The increasing contact angle is termed an advancing angle, and the 
decreasing contact angle is a receding angle.  Both static and dynamic hydrophobicity are 
affected by contact line characteristics [14] which is in turn governed by the size, pitch, and 
spacing of the surface microstructures [15].   
 
3.2 Theory 
Figure 3.2 shows how the flexing or curving of a substrate can change the microstructure 
pitch, affecting the number of asperities in contact with a droplet and thus affecting the surface 
hydrophobicity.  With positive (convex) curvature, the droplet interacts with fewer 
microstructures, and with negative curvature (concave), the droplet interacts with more 
microstructures.  Substrate curvature thus affects surface hydrophobic characteristics such as 
contact angle and droplet sliding in that it affects the pitch of surface microstructures. 
 
 
26
 
 
 
 
 
 
Figure 3.2.  Curvature affects microstructure pitch.  A) By flexing this substrate, the 
microstructure pitch changes, which alters the droplet contact angle.  Flexing with positive 
curvature causes pillar pitch to increase while flexing with negative curvature causes pillar pitch 
to decrease.  B) Microstructure height amplifies curvature-induced geometrical changes. 
 
The analysis starts with an elastic polymer film of thickness t having a regular array of 
surface microstructures of spacing S, height h, and diameter D.  We assume such a film is flexed 
along one axis into a cylindrical sheath, having radius of curvature R relative to its neutral axis.  
The lateral distance between the tops of neighboring pillars will either increase or decrease, 
depending upon whether the curvature is negative or positive.  Using the method of similar 
triangles to calculate the increase in spacing at the top of the pillar compared to the neutral axis, 
the new pillar spacing in the direction of flexing can be approximated  
R
htRSS )2/( ++≈α                                                           (3.4) 
where α subscript denotes the direction of curving.  This approximation assumes a large radius of 
curvature compared to the half thickness of the polymer film and height of pillars.  The pillar 
Positive Curvature
Increases Pitch 
Negative Curvature
Decreases Pitch 
A) 
B) 
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pitch in the curving direction is Pα ≈ D + Sα.  Figure 3.2B shows calculations of microstructure 
pitch as a function of curvature about the neutral axis (1/R), for film thickness t = 700 µm, D = 
25 µm, P = 50 µm, and microstructure height of either h = 70 µm or h = 10 µm.  Figure 3.2 plots 
curvature rather than radius of curvature because a singularity for pitch and spacing calculations 
exists at R = 0, and plotting 1/R clarifies phenomena occurring at large positive and negative 
radii of curvature.  In general, microstructure pitch increases with positive curvature.  The slope 
of the curve is more steep for the h = 70 µm case compared to h = 10 µm because microstructure 
height amplifies the curvature-induced geometric change.   
It is desirable for the droplet to be in the Cassie-Baxter state, as the droplet mobility is 
highest in this state.  It is possible to predict the threshold between Cassie-Baxter and Wenzel 
states using an energy minimization criterion [1].  One can calculate the contact angle of a liquid 
resting on a microstructured surface with equation (3.2) assuming the Wenzel state to acquire θW  
and then with equation (3.3) assuming the Cassie-Baxter state to acquire θCB.  Wenzel state is 
more likely if the predicted θW < θCB, since in this case the Wenzel state is a lower energy state 
than the Cassie-Baxter state.  If the predicted θCB < θW, the Cassie-Baxter state is more likely.  
The energy minimization criterion states the following inequality must be true for the Cassie-
Baxter state to exist:  cos θ < (φ-1)/(r-φ).  In a rectangular lattice, the critical spacing for 
Wenzel/Cassie-Baxter transition is then 
D
P
hbA
Sc −+
−
= θ
θ
cos1
cos
                                                       (3.5) 
where A is the area of the microstructure top, and b is the perimeter of the microstructure top.  
By solving equation (3.4) for R and substituting Sc for Sα, we can predict the critical radius of 
curvature for the Wenzel/Cassie-Baxter transition as                                 
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Figure 3.3 shows the solution to equation (3.6) in terms of critical curvature (1/Rc) for several 
values of microstructure spacing, height, D = 25 µm, and θ = 112° on a film of thickness = 700 
µm.  For a given spacing, as pillar height increases the critical curvature necessary for the 
Wenzel/Cassie-Baxter transition becomes more positive.  Fabricating taller microstructures helps 
maintain the Cassie-Baxter state during flexing.  For a given height, as pillar pitch increases the 
critical curvature becomes more negative.  Fabricating microstructure arrays with smaller pitch 
helps maintain the Cassie-Baxter state during flexing.  
 
Figure 3.3.  Critical curvature for high droplet mobility in the Cassie-Baxter state as a function of 
original flat microstructure spacing and height.  Curvatures exceeding the critical curvature 
theoretically cause the Wenzel state.   
 
3.3 Experiments and results 
A series of experiments characterized the hydrophobicity of microstructured silicone 
substrates that were flexed into various curved configurations.  Figure 3.4 shows different 
experimental configurations, where the microstructured silicone is deformed to comply with 
cylinders of various radii.  The silicone is flexed over the outside of the curved fixture for 
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positive curvature or inside for negative curvature.  In Figure 3.4, the z dimension is in the 
direction out of the page, and the α dimension is in the circumferential direction around the 
cylinder.  The silicone was Sylgard 184 polydimethylsiloxane (PDMS) by Dow Corning mixed 
in a 10:1 base:curing agent ratio by weight, then vacuum cast into a silicon mold.  An oven cured 
the silicone at 75 °C for 2 hours, and then the silicone film was peeled from the silicon mold.   
 
Figure 3.4.  Droplets of water and a glycerol/water mixture were placed onto the curved 
microstructured silicone, and contact angles and slide angles were assessed.  The α direction is 
around the cylinder while the z direction is into the page. 
 
Figure 3.5 shows characterization of the microstructured substrates under different 
curving conditions.  To confirm that microstructure spacing varies with curvature, Scanning 
Electron Microscopy (SEM) was performed on silicone micropillars flexed to various curvatures.  
The nominal dimensions for the flat substrate were microstructure diameter 25.6 µm, height 70 
µm, and film of thickness 700 µm.  When the film was flat the spacing between microstructures 
was 24.4 µm in the α direction and 25.1 µm in the z direction.  When the film was flexed to 
+0.11/mm curvature, pillar spacing in the α direction increased to 26.2 µm compared to the 
predicted value of 25.6 µm.  Poisson strain decreased pillar spacing to 22.9 µm in the z direction.  
When the film was flexed to -0.22/mm curvature, pillar spacing in the α direction decreased to 
20.7 µm, compared to the predicted value of 20.1 µm.  Poisson strain increased pillar spacing to 
25.9 µm in the z direction.  The observed pitch changes due to curvature should affect 
hydrophobic properties. 
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To establish a measure of static hydrophobicity of the curved silicone we conducted 
contact angle experiments.  The test droplet was either 10 µl of deionized water or 10 µl of a 
water/glycerol mixture with that was 40/60 by weight.  A syringe with a metal needle was used 
in all droplet experiments because plastic pipettes gave inconsistent results due to static charge 
on the plastic tip.  For a flat and nonmicrostructured silicone substrate, the water had static 
contact angle θ = 102° and the water/glycerol mixture had static contact angle θ = 112°.  For a 
flat silicone substrate having microstructures of diameter 25.6 µm, pitch 50 µm, and height 70 
µm, the contact angle was θ = 142° for water and θ = 148° for water/glycerol.   
The silicone substrates could be flexed into positive or negative curvature.  Figure 3.6 
shows water and glycerol/water droplets on the microstructured substrates curved to different 
radii.  To assess contact angle on the curved substrates, contact angle was measured with the 
baseline tangent to the substrate.  As curvature increased from -0.22/mm to +0.11/mm, predicted 
contact angle only increased from 146° to 147° for water and 149° to 151° for glycerol/water.  
Experimental contact angle also remained essentially constant for water ~143° and 
glycerol/water ~148°, confirming that the range of curvatures tested did not affect static contact 
angle significantly.   
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Figure 3.5.  SEMs showing change in pitch of silicone pillars.  When the film was flat the 
spacing between microstructures was 24.4 µm in the α direction and 25.1 µm in the z direction.  
When the film was flexed to +0.11/mm curvature, pillar spacing in the α direction increased to 
26.2 µm, and the predicted value was 25.6 µm.  When the film was flexed to -0.22/mm 
curvature, pillar spacing in the α direction decreased to 20.7 µm, and the predicted value was 
20.1 µm.   
 
 
 
 
 
 
 
 
 
 
 
B) +0.11/mm
26.2 µm
22.9 µm
C) −0.22/mm 20.7 µm
25.9 µm
A) Flat 
24.4 µm
25.1 µm
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Figure 3.6.  Water and glycerol/water droplets of volume 10 µl deposited on silicone flexed to a 
variety of radii of curvature ranging from -0.22/mm to 0.11/mm A) The microstructured 
hydrophobic silicone can be flexed into positive curvature or negative curvature.  B) Curvature 
affects θCB insignificantly as curvature becomes more positive. 
 
While the range of curvatures in this study did not significantly affect static contact 
angle, dynamic hydrophobicity was affected.  Water or water/glycerol droplets of volume 10 µl 
were placed on the flexed silicone, and the flexed silicone was tilted to an angle that caused 
A) 
B) 
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sliding, θSLIDE.  On nonmicrostructured silicone, neither the water nor the water/glycerol droplet 
slid under the force of gravity alone even when tilted to 90°, but the drops did slide on the 
microstructured silicone.  Figure 3.7 shows measured slide angle results where the silicone was 
flexed to various curvatures.  Film thickness was 0.8 mm for 10 µm tall pillars, 1.1 mm for 40 
µm tall pillars, and 1.2 mm for 70 µm tall pillars.  As curvature becomes more positive, θSLIDE 
decreases.  The difference between maximum and minimum θSLIDE increases with increasing 
microstructure height.   
The model of droplet interaction with the microstructures helps to explain the results of 
Figure 3.7.  From Figure 3.3B, the droplets should remain highly mobile in the Cassie-Baxter 
state until the curvature reaches 1.9/mm, well beyond our maximum curvature of 0.11/mm.  
Because droplets slide on both the 10 µm and 40 µm tall structures, it appears the minimization 
of free energy criterion is a conservative criterion for predicting droplet mobility.  For the 
positive curvatures, droplets slide down the z direction of the flexed film and did not 
significantly move in the α direction.  We speculate that the smaller microstructure pitch in the z 
direction lead to lower z-direction sliding resistance compared to the α direction contributed to 
lack of motion in the α direction [16-18].   
To better understand why curvature affected dynamic hydrophobicity, we investigated 
pillar-droplet interactions directly by examining metal droplets solidified onto the surface of the 
microstructured silicone.  A volume of 25 µl of a metal alloy with melting temperature 47 °C 
was melted, deposited, and allowed to solidify on the 70 µm tall micropillars with no curvature, 
+0.11/mm curvature, and -0.22/mm curvature.  Figure 3.8 shows the sections of the droplets that 
had been in contact with the microstructured silicone, providing a snapshot of the droplet solid-
liquid-gas interfacial geometry [19-21].    
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Figure 3.7.  Slide angle as a function of curvature of flexible microstructured silicone.  As 
curvature becomes more positive, slide angles decrease showing less force is necessary to cause 
droplets to slide. 
 
Figure 3.8 shows the solidified metal droplet on flat silicone interacted with 
approximately 2730 pillars, the droplet on the positively curved sample interacted with 10% 
fewer pillars compared to flat (2460), and the droplet on the negatively curved sample interacted 
with 17% more pillars compared to flat (3300).  Atomic Force Microscopy on the underside of 
the metal droplets showed that the curved metal surface between pillar impressions sagged a 
vertical distance of approximately 2 µm, implying the metal was suspended on the tops of the 70 
µm tall micropillars and confirming the metal was in the Cassie-Baxter state.   
A) 
B) 
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Figure 3.8.  Underside of 25 µl Metal droplets solidified on the tops of silicone pillars with 
contact line outlined in dashed black line.  The metal droplet method illuminated how negative 
curvature increased total and receding line pillar-droplet interaction and positive curvature 
reduced pillar-droplet interaction thus affecting dynamic slide angles 
 
Microscale investigations of the metal droplet provide insight into the physical 
mechanisms of droplet sliding.  While the metal droplet showed a 17% increase in droplet-pillar 
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interactions for 70 µm tall pillars under -0.22/mm curvature compared to flat, slide angle tests 
implied a 27% increase in required sliding force for water and a 22% increase for glycerol/water.  
Metal droplets showed a 10% decrease in droplet-pillar interactions for 70 µm tall pillars under 
+0.11/mm curvature compared to flat, and slide angle tests implied a 16% decrease in required 
sliding force for water and a 17% decrease for glycerol/water.   
The micropillars interacting with the receding line of the droplet during sliding should 
affect droplet mobility, as capillary forces at the receding contact line act to resist droplet 
motion.  More pillar-droplet interactions along the receding line should correspond to reduced 
slide mobility [14, 21].  To study this, pillar impressions in the metal droplet were counted along 
the receding contact line in the regions that experienced sliding.  For the metal droplet from flat 
silicone, 11 pillar impressions were observed along the receding contact line.  For +0.11/mm 
curvature, 7 receding contact line impressions were observed, and for -0.22/mm curvature, 18 
receding contact line impressions were observed.  Overall, the receding contact line interacts 
with fewer microstructures as curvature increases, implying less capillary drag on the droplet for 
increasing curvature.     
Substrate curvature can alter both microstructure pitch and the droplet geometry.  Figure 
3.8 shows how substrate curvature affects droplet overhang.  The overhang of the droplet 
deposited on the flat silicone was even around the entire droplet with an average overhang of 120 
µm.  For positive curvature, the elliptical contact line major axis was in the z direction.  The 
average overhang of the droplet deposited on the +0.11/mm curvature was 310 µm in the α 
direction where the positive curvature curved under and away from the droplet while in the z 
direction the average overhang is 210 µm.  For metal droplets deposited on negative curvature, 
the elliptical contact line major axis was in the α direction, rotated 90° compared to metal 
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droplets deposited on positive curvature.  The average overhang of the droplet deposited on the -
0.22/mm curvature was 35 µm in the α direction while in the z direction the average overhang 
was 275 µm.  Viewing negative curvature interrupting macroscopic droplet geometry and 
positive curvature curving under and away from the droplet helped explain how curvature 
affected dynamic slide angles.   
 
3.4 Conclusions 
This study shows that the curvature and flexure of microstructured substrates affects 
hydrophobic characteristics.  As curvature becomes more positive, microstructure pitch 
decreases and liquid droplet mobility increases.  Curvature affects hydrophobicity because 
curvature changes solid-liquid interaction on the microscale because curvature alters pillar-
droplet interactions through pitch alteration and contact line reorientation and on the macroscale 
because negative curvature can interrupt the natural geometry of the droplet, and positive 
curvature can curve under and away from the droplet.  The modeling approach presented here 
can be used to design microstructure geometries on curved substrates that maintain high droplet 
mobility. 
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4 Droplet bouncing and trajectory redirection on isotropic and 
anisotropic microstructures 
 
4.1 Introduction 
Microstructuring surfaces can increase hydrophobicity, potentially leading to practical 
fluid flow control, corrosion inhibition, self-cleaning surfaces, and surface drag reduction [1, 2].  
Published research has examined criteria for impinging droplets sticking, bouncing off, or 
partially sticking to microstructured surfaces [3, 4] and also directional sliding of droplets 
starting from rest [5-8].  This paper investigates droplets bouncing on isotropic and anisotropic 
microstructures and demonstrates directional control on bouncing droplets. 
 Previous research has developed guidelines for droplet bouncing/sticking and 
demonstrated preferential directional sliding for droplets starting from rest.  Weber number 
criterion can predict whole droplet bouncing, droplet shattering, and droplet sticking for free 
falling droplets with no lateral motion impacting isotropic microstructured samples [9].  While 
some studies accounted for droplet kinetic energy converting to a pressure increase upon impact 
[10, 11], one recent report also included the pressure increase due to the shock wave that 
propagates in liquid as it encounters a sudden momentum change.  Three impact regimes were 
identified:  total non-wetting, partial wetting, and total wetting [3].  The shock wave is 
commonly called a water hammer, and the authors emphasized the importance of nanoscale 
spacing for pressure resistance.  The nanoscale anisotropic structuring of the Morpho aega 
butterfly wing is thought to contribute to easier droplet sliding along the layered wing structures 
compared to against the layered structures.  Man-made directional sliding has been demonstrated 
on non-layered anisotropic microstructured fluorinated silicon ridges [8].  Droplets slid at 
shallower tilt angles when tilted parallel to ridges compared to when tilted orthogonal to ridges.  
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The authors hypothesized that because the droplets contacted the ridges continuously when tilted 
parallel, the energy barrier to sliding was smaller compared to when the droplet contact line 
moved orthogonally over an air gap to contact the adjacent ridge.  Research has also shown that a 
sliding droplet may follow a damaged pathway on a microstructured surface [5].   
 Presently no research has shown the phenomenon of trajectory redirection of bouncing 
droplets, so the present work demonstrates trajectory redirection using anisotropic 
microstructures. 
 
4.2 Experiments and results 
 Droplets impinged onto silicone rubber, and high speed imaging from top view and side 
view recorded the interaction of the droplets with smooth silicone, isotropic microstructured 
silicone, and anisotropic microstructured silicone.  Custom-made imaging software then 
analyzed the high speed images to determine velocities and angles of the droplets before and 
after impacting the silicone.  Image-processing methods were then utilized to determine 
velocities and angles of the droplets before and after impacting the silicone from the image 
sequences. Figure 4.1 shows a cartoon of droplets bouncing on isotropic microstructures. Attack 
angle κ is the angle the incoming droplet made with respect to horizontal, and bouncing angle β 
was the angle the outgoing droplets made with respect to horizontal. 
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Figure 4.1.  Diagram of a droplet bouncing off isotropic microstructures.  Attack angle κ is the 
angle the incoming droplet makes with respect to horizontal.  Bouncing angle β is the angle the 
outgoing droplets make with respect to horizontal. 
 
 The experimental setup used a 28 kPa pressurized droplet generator [12] to output ~400 
µm radius R deionized water drops with velocity V  2.2 to 2.6 m/s at an attack angle κ = 38°.  A 
function generator actuated the droplet generator driver with a 680 Hz square wave with peak-to-
peak voltage 5 Volts and duty cycle 50%.  The silicone was Sylgard 184 polydimethylsiloxane 
(PDMS) and was microstructured by vacuum casting silicone into a silicon master etched with 
the Bosch process [14]. Images of droplet motion were captured at 6000 fps by a high speed 
camera (Photron Fastcam APX RS) over an image domain of 1024 x 512 pixels at a 
magnification of 0.75 using a 180 mm lens (Sigma).  An f# of 16 was employed to achieve a 
high depth of field (4.2mm) to maintain sharp focus of the droplets. In order to prevent 
potentially disruptive heating of the silicone surface and droplet generator [13], uniform 
backlight illumination was achieved with a 6 x 4 array of low heat light-emitting diodes in 
concert with a diffusion plate.  Since only one high speed camera was available, top view and 
side view data were gathered independently. The observed phenomena were consistent and 
repeatable so the results observed from the top view were assumed to occur during the side 
viewing. At least three sets of approximately 250 droplets each were taken for both side and top 
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view, and the results were averaged. 
 An image-processing code was written in MATLAB to extract the droplet motion in time 
from the captured images. First, all droplets in each image were identified using a threshold 
value (binarization). In some images, large pools of water developed on the surface of interest 
and/or much smaller satellite droplets appeared in the images, both of which biased the droplet 
tracking. To overcome these challenges, a threshold on area was applied to ensure that only the 
motion of the incident ~800 μm diameter droplets was being tracked in time. This threshold also 
eliminated the impact zone from compromising the analysis.  The motion of each droplet from 
one image frame (initial) to the next (final) was then assessed using spatial correlation analysis.  
For each detected droplet, a square window (twice the diameter and centered on the droplet 
centroid in the first frame) was applied to the initial and final frames.  The in-plane displacement 
of each droplet between consecutive image frames was then determined by spatially correlating 
these two windows.  The location of the peak in the resulting correlation plane marked this 
spatial displacement. Since the time difference between the images is known (1/6000 fps = 166.7 
μs), the in-plane droplet velocity was determined by dividing the droplet displacement by this 
time difference. This procedure was repeated for all droplets in all sequences of images for both 
top and side-view imaging. Using this velocity data, the angle of both incoming and outgoing 
droplets was easily determined. In order to reduce bias in the results, all droplets with zero 
velocity were eliminated from the final statistics. In addition, all deflection angles for the top-
view cases were referenced relative to the droplet incoming angle in order to eliminate any minor 
tilt between the camera and the nozzle. 
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4.2.1 Isotropic microstructures caused droplet bouncing 
 Incoming droplets impinging onto smooth silicone did not evacuate the silicone surface, 
but microstructured silicone surfaces caused the droplets to bounce off as Figure 4.2 shows.  
From the top and side views of the smooth silicone surface, incoming droplets impacted and then 
~5 mm later experienced a hydraulic jump and piled up onto the surface.  However, when 3 µm 
diameter x 3 µm spacing x 6 µm tall microstructures arranged in a triangular lattice were cast 
into the silicone surface, incoming droplets impacted and bounced off, leaving dry silicone.  We 
observed similar results for silicone with 5 µm diameter x 5 µm spacing x 10 µm tall 
microstructures in a triangular lattice.  Table 4.1 shows velocity and coefficient of restitution 
(COR) data for isotropic microstructures.  Vx and Vy velocities decreased 100% for smooth 
silicone, but when 3 µm diameter pillars were cast into the silicone, Vx decreased only 47% and 
Vy decreased 80%.  For 5 µm diameter microstructures, Vx decreased 57% and Vy decreased 
84%.  The COR for one body bouncing off a fixed second body is COR = -Vy,out/Vy,in and is a 
common measure for collision elasticity.  The COR for smooth silicone was 0, for 5 µm diameter 
structures the COR increased to 0.16, and for 3 µm diameter structures the COR increased to 0.2.  
The increase in COR with decreasing size implies that collision inelasticity is greater for smaller 
structures.  Bouncing angles β from non-directional isotropic microstructures were similar for 
both 3 µm and 5 µm diameter pillars ~16°.   
We can approximate the force the droplets impose on the micropillars, compare that force 
to the critical buckling force, and predict pillar deformation.  Let us consider droplets with some 
mass m, density ρ, volume Vol, residence time interacting with the surface tres, and impact area 
Aimpact.  The droplets impacted pillars with lattice cell area Ac, Youngs Modulus E, area moment 
of inertia I, height H, and pillar top area Atop   The force a droplet imposes on the surface is F = 
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ma where mass m = ρ·Vol, and acceleration a = Vely,in/(tres/2).  Droplet residence time on the 
surface tres was approximately 2 ms.  Residence time tres was divided by 2 in the acceleration 
term to account for the droplet bouncing off.  The total force the droplet exerted on the surface 
was approximately 210 µN, and the force per pillar was predicted as Fpp = F·Ac/Aimpact.  For 3 
µm diameter pillars Fpp ≈ 0.7 nN, and for 5 µm diameter pillars Fpp ≈ 2 nN.  To compare the 
force per pillar to critical buckling force, we used the equation for buckling force for a beam with 
one end fixed and the other end free FBuckle = π2EI/(2H)2 with E = 2.6 MPa for Sylgard 184 [12].  
For 3 µm diameter pillars FBuckle ≈ 0.7 µN, and for 5 µm diameter pillars FBuckle ≈ 2 µN.  For both 
pillar types, the force exerted per pillar was less than the predicted critical buckling force, so we 
assume the pillars did not buckle.  We can now predict the pillar deformation under the force per 
pillar with engineering strain ε = σ/E where engineering stress σ = Fpp/Atop.  Because ε = ∆H/H 
where ∆H is height deformation, ∆H = σH/E.  Thus, the change in pillar height for 3 µm 
diameter pillars was predicted as ∆H3µm ≈ 0.2 nN and for 5 µm diameter pillars ∆H5µm ≈ 0.4 nm.  
Changes in height for both 3 µm and 5 µm pillars were negligible. 
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Figure 4.2.  Top and Side View pictures of droplets impacting smooth silicone and isotropically 
microstructured silicone.  For smooth silicone, incoming droplets pile up rather than evacuate the 
surface.  Isotropically microstructured silicone can cause incoming droplets to bounce off the 
surface leaving dry silicone. 
 
Table 4.1.  Velocity and Coefficients of Restitution (COR) for Isotropic Microstructures.  
Velocity decrease in X and Y direction is smaller for smaller microstructures because less 
localized wetting occurs.  While a small wet area developed at the impact point for both structure 
types, the area remained localized. 
Sample Vx,in (m/s) Vx,out (m/s) Vy,in (m/s) Vy,out (m/s) COR 
Sample 1, 3 µm 2.03 1.07 -1.60 0.32 0.20 
Sample 2, 5 µm 1.97 0.85 -1.55 0.25 0.16 
 
To better understand why COR increases with decreasing microstructure size, we 
analyzed the competing forces between surface tension and impact as Figure 4.3 shows.  
Previous work has shown that the critical pressure at which liquid penetrates microstructures can 
be predicted with  
  
)1(
cos
ϕλ
θϕγ
−
−= acP                                                               (1) 
where φ is area fraction of the tops of the microstructures, γ is surface tension of the liquid, θa is 
advancing contact angle, and λ is the ratio of the microstructure top area/perimeter [13].  
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Pressure resistance is increased by high area fraction φ, low top area/perimeter ratio λ, and high 
advancing contact angle θa.  An airborne droplet experiences Laplace pressure PLaplace = 2γ/R, 
and previous work has shown that when a droplet impacts microstructures, the pressure increase 
due to rebounded kinetic energy is 
 2)cos( κρ VPKE =                                                         (2) 
where ρ is the density of the impacting liquid [10, 11].  An impacting droplet also experiences a 
shock wave due to the sudden change of momentum which increases pressure to the effective 
water hammer pressure 
)cos(2.0 κρ VCPewh ⋅≈                                                     (3) 
where C is the speed of sound in the liquid (1497 m/s) [3].  When Pewh > PKE + PLaplace > Pc total 
surface wetting occurs, when Pewh > Pc > PKE + PLaplace partial wetting occurs, and when Pc > 
Pewh > PKE + PLaplace total non-wetting occurs.  Figure 4.3 depicts the 3 wetting regimes in 
relation to any practical top area/perimeter ratios λ vs. area fraction φ for θa = 115°, the 
advancing contact angle of the silicone used in this study.  Figure 4.3 shows that because the 3 
µm pillars have smaller top area/perimeter ratio compared to the 5 µm pillars, the 3 µm pillars 
are more likely to be in the region of partial wetting.  Inspection of the high speed images 
showed that while a small wetted area developed at the impact point for both microstructure 
types, the area remained localized and allowed continual droplet bouncing.  The COR is larger 
for 3 µm structures compared to 5 µm structures because smaller structures are better at resisting 
impact pressures.  Figure 4.3 predicts that the microstructures would be totally non-wetting if 
diameter was decreased to less than ~500 nm.  We can view the earlier pillar buckling and 
deformation analysis from the pressure perspective.  Pewh caused Fpp ≈ 4 nN for 3 µm pillars and 
Fpp ≈ 10 nN for 5 µm pillars, both forces being too small to incur pillar buckling.  Change in 
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pillar height ∆H was then ~1.1 nm for 3 µm pillars and ~2.9 nm for 5 µm pillars. 
 
  
 
Figure 4.3.  A) Diagram of pressure forces and surface tension γ forces.  Critical pressure is 
reached when impact pressure forces equal surface tension forces.  B) Critical pressure curves 
for droplet radius = 400 µm, velocity = 2.6 m/s, and attack angle = 38° for advancing contact 
angle 115°.  The upper region is the Total wetting regime, the middle region is the Partial 
wetting regime where segments of drops are predicted to stick, and the bottom region is the Total 
non-wetting regime where the entire droplet is predicted to bounce off the solid [3].  Pressure 
resistance is increased by high area fraction φ, low top area/perimeter ratio λ, and high advancing 
contact angle θa.  Theory predicts the 3 µm diameter pillars used in this study are likely to 
partially wet upon impact, and the 5 µm pillars are likely to fully wet.  The 5 µm pillars being 
more likely to wet the solid helps explain why both Vx and Vy decreased more for 5 µm pillars 
than 3 µm pillars in Table 4.1. 
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4.2.2 Anisotropic microstructures caused directional droplet bouncing, rolling, and open 
channel flow 
 
 Incoming droplets impinging onto anisotropic microstructured silicone surfaces 
evacuated the surface directionally with three main modes of evacuation:  bouncing, rolling, and 
open channel flow.  Figure 4.4 illustrates directional bouncing on anisotropic microstructures 
where rotation angle ψ is the angle of the microstructures relative to the incoming droplet, and 
the deflection angle η is the angle of the outgoing droplet relative to the angle of the incoming 
droplet. 
 
Figure 4.4.  Diagram of a droplet bouncing off anisotropic microstructures.  Rotation angle ψ is 
the angle of the microstructures relative to the incoming droplet, and the deflection angle η is the 
angle of the outgoing droplet relative to the angle of the incoming droplet. 
 
 We explored how the outgoing parameters deflection angle η and bouncing angle β 
changed with respect to microstructure spacing and rotation angle ψ.  The two microstructure 
types investigated were 5 µm wide x 10 µm spacing x 29 µm tall ridges and 5 µm wide x 20 µm 
spacing x 29 µm tall ridges.  We tested both microstructure types for rotation angles ranging 
from 0° to 90°.  Figure 4.5 shows some selected top view results for the 20 µm spacing case at a 
variety of rotation angles.  Blue tracking marks indicate the trajectories of the ~250 droplets that 
evacuated the surface.  For rotation angle = 90°, insignificant deflection angle = 0.3° occurred - 
an intuitive result because no preferential direction altered the trajectory of the droplet.  
 
 
49
However, rotation angles between 0° and 45° caused the outgoing water to redirect along the 
anisotropic microstructures.  Figure 4.5 shows that at 0° rotation angle, the impacting droplets 
consistently caused open channel flow when evacuating the surface. 
 
Figure 4.5.  Droplets impacting 5 µm Wide x 20 µm Spacing x 29 µm Tall ridges. Variety of 
deflected angles η denoted by blue tracking marks for ~250 droplets.  Deflected angles η vary 
with anisotropic microstructure rotation ψ relative to incoming droplets.  The parallel case does 
not have tracking marks because open channel flow resulted rather than bouncing droplets.  For 
the 10 µm spacing microstructures, the parallel case resulted in droplets as opposed to open 
channel flow. 
 
 To further analyze the effect of microstructure spacing and rotation angle ψ on deflection 
angle η, we plotted deflection angle η vs. rotation angle ψ for the 20 µm spacing case and 10 µm 
Rotation Angle ψ = 90°
Outgoing 
Open Channel Flow 
Incoming
Rotation Angle ψ = 45°
Rotation Angle ψ = 30°
Rotation Angle ψ = 15°
Rotation Angle ψ = 0°
5 mm
5 mm
5 mm
5 mm
5 mm
 
 
50
spacing cases, shown in Figure 4.6.  For both spacings analyzed deflection angle η had a 
maximum in the rotation angle ψ range from 25° to 35°, and deflection angle η was 2 to 3 fold 
larger for the 20 µm spacing case.  We also defined an effectiveness coefficient ε = η/ψ as a 
metric for how effectively microstructures redirected droplet evacuation.  Figure 4.6 shows 
effectiveness ε vs. rotation angle ψ for 20 µm spacing and 10 µm spacing cases.  Effectiveness 
was not plotted for rotation angle 0° or 90° because it has no meaning for those values.     
 We verified that deflection angles η were due to anisotropic microstructures by averaging 
deflection angles from positive and negative rotation angles ψ and also calculating signal-to-
noise ratios.  To account for any tilt in the sample stage, 3 sets of images were acquired and 
analyzed for the positive rotation angles ψ that caused “downward” deflection shown in Figure 
4.5 and also negative rotation angles that caused “upward” deflection.  All deflection angles η for 
anisotropic microstructures presented in this paper were averaged absolute values from the 6 
total deflection angle tests.  We also calculated signal-to-noise ratios (SNR) to quantify the 
significance of the deflection angles shown in Figure 4.6.  Standards for noise were 1) deflection 
angles calculated from isotropic microstructures (SNRisotropic) and 2) deflection angles calculated 
from rotation angle = 90° (SNR90°).  SNRisotropic ranged between 10 and 26, and SNR90° ranged 
between 6 and 26 which supports the claim of significant deflection caused by anisotropic 
microstructures. 
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Figure 4.6.  A) Deflection angle η vs. Rotation angle ψ for 20 µm spacing case and 10 µm 
spacing cases.  Deflection angle η has a maximum in the rotation angle ψ range 25° to 35° for 
both cases, and deflection angle η is significantly larger for the 20 µm spacing case.  B) 
Effectiveness ε (η/ ψ) vs. rotation angle ψ for 20 µm spacing and 10 µm spacing cases.  As 
rotation angle ψ decreases, effectiveness ε increases because the impacting droplet is able to take 
advantage of the shallower rotation angle ψ rather than skipping over the ridges of the more 
steep rotation angles. 
 
 In addition to deflecting droplet trajectory, the anisotropic microstructures also caused 
droplet bouncing, rolling, and open channel flow depending on microstructure spacing and 
rotation angle ψ as Figure 4.7 shows.  Microstructures with 10 µm spacing caused bouncing 
angles ranging from 0° to 15°, and while we consistently observed bouncing for rotation angles 
30° to 90°, below 30° we observed rolling sometimes.  For rotation angle = 0°, we consistently 
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observed rolling.  When microstructure spacing increased from 10 µm to 20 µm, rotation angle = 
0° consistently resulted in open channel flow.  Open channel flow was sometimes observed 
above 0° until rotation angle = 35° when bouncing was consistently observed.  Bouncing angles 
for 20 µm spacing microstructures ranged from 0° to 17.1°.  We do not discuss COR for 
anisotropic structures because it would be misleading to do so.  Compared to isotropic 
microstructures, the outgoing droplets had a higher tendency to combine in the impact zone and 
in the air as they evacuated the surface, slowing the outgoing velocity because of conservation of 
momentum. 
 
4.3 Discussion 
 The two spacings for anisotropic microstructures and variety of rotation angles ψ 
illuminated useful trends in effectiveness vs rotation angle, redirection of outgoing droplets, and 
open channel flow that can instruct the design of hydrophobic microstructured surfaces.  As 
rotation angle ψ decreased, effectiveness ε increased because a greater fraction of the kinetic 
energy of the impacting droplet caused the droplet contact line to move along the solid ridge top 
as opposed to onto the adjacent ridge.  A contact line perspective helps us understand why higher 
spacing leads to higher deflected angle η:  the energy barrier was higher for the droplet contact 
line to move over a 20 µm wide air gap compared to a 10 µm air gap.  While we observed 
intermittent open channel flow for 20 µm spacing microstructures below 35° rotation angle ψ 
and consistent open channel flow in the 0° rotation angle ψ case, open channel flow was not 
observed for 10 µm spacing microstructures because the decreased spacing and therefore 
increased area fraction did not allow full wetting between the microstructures.  When open 
channel flow did occur, water evacuated the surface in a directed manner unlike smooth silicone 
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which caused a pile up of droplets. 
 
 
 
Figure 4.7.  A) Bouncing Angles β and Evacuation modes for 5 µm wide x 10 µm spacing x 29 
µm tall anisotropic microstructures  B) Bouncing Angles β and Evacuation modes for 5 µm wide 
x 20 µm spacing x 29 µm tall anisotropic microstructures. 
 
4.4 Conclusion 
The present work investigates droplet bouncing on isotropic and anisotropic 
microstructures and helps instruct the design of hydrophobic microstructured surfaces.  Incoming 
droplets impinging onto smooth silicone did not evacuate the silicone surface, but 
microstructured silicone surfaces caused the droplets to bounce off.  Larger structure top 
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area/perimeter ratios λ decreased outgoing droplet velocities, and according to theory further 
increasing λ would lead to the droplets sticking to the surface and piling up similar to the smooth 
case.  This paper demonstrates bouncing droplet trajectory redirection using anisotropic 
microstructures.  Considering the results from a droplet contact line perspective illuminates why 
higher spacing can lead to increased deflection η and why smaller rotation angles are more 
effective at redirecting droplets.   
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5 Casting metal microstructures from a flexible and reusable mold 
5.1 Introduction 
Metals have attractive properties for microelectromechanical systems (MEMS) because 
of their high thermal and electrical conductivity, optical properties, high mechanical toughness, 
and ductility [1, 2].  Some metals such as Titanium are biocompatible [3] and can also operate at 
very high temperature.  Metal microstructures and nanostructures are attractive for 
manufacturing molds for Nanoimprint Lithography (NIL) [4], as they can be reused many times 
more than silicon or quartz.  Published articles report fabrication of metal sub millimeter, micro-, 
and nanostructures using forging [5-12], electroplating [4, 13-16], and casting [17, 18].   
Forging can produce small scale structures in ductile metals.  In one demonstration of 
metal forging, 40 nm wide grooves were embossed into free standing aluminum thin film at 
elevated temperatures by silicon carbide (SiC) mold templates [12].   Similarly, 300 nm grooves 
were fabricated into aluminum films on silicon [7].  Another study reported sub-10 nm grooves 
embossed into a thick nickel film using a diamond mold template [11].  Silicon can be used as a 
mold for metal forging [5, 6, 9, 10, 19, 20], although silicon does not have the compressive 
strength of SiC or diamond, and so silicon mold templates require lower forging pressures and 
more ductile metals.  For example, silicon molds forged 250 nm wide and 1 µm tall structures 
into flat gold and silver [6], where the silicon was sacrificed in a lost mold process.  Surface 
oxidation was also a challenge in working with these metals. It is not necessary to sacrifice the 
silicon under all circumstances: it was possible to de-mold a silicon mold template following 
forging of 50 m structures into a thin film of aluminum on a silicon substrate [9].  Molecular 
dynamics (MD) simulations of small-scale metal forging [20] found that the pile-up of excess 
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material cannot be avoided and that forging pressure increases for decreased metal film 
thickness.   
Microscale metal electroplating avoids pile-up of excess material and is less expensive 
than forging, but is slower and sample size can be limited.  Several recent reports have shown 
that flexible nickel sheets can be electroplated onto polymer structured by NIL after sputtering a 
seed layer onto the structured polymer [13, 16, 21].  After dissolving the polymer in a lost mold 
process, the flexible nickel can be wrapped around a roller that can emboss continuous sheets of 
polymer with 1 µm wide holes 250 nm deep [4].  Electroplated Ni-Co has also been used to hot 
emboss Mg-Cu-Y bulk metallic glass (BMG) that then embossed polymethylmethacrylate 
(PMMA) micro lenses [22, 23].   
Somewhat less work has been reported on the manufacture of metal microstructures by 
casting. One strategy for sub-millimeter casting of either aluminum-bronze or gold alloy is to 
cast into small plaster molds that were themselves cast from injection molded PMMA gears [17, 
18].  One strategy for microscale metal casting of one dimensional structures is to cast 
microstructures into wax, cast ceramic into the wax, cure the ceramic in a lost wax method, and 
finally cast metal into the microstructured ceramic [24].   
These recent techniques that can produce metal microstructures are mostly limited to 
metal that is flat in a thin film.  There is a need for inexpensive, parallel processes for producing 
metal microstructures on curved surfaces.  This chapter describes using an inexpensive, reusable, 
flexible mold with three dimensional microstructures to meet that need. 
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5.2 Experiments and results 
The metals for microcasting were selected to have a eutectic melting temperature below 
the maximum working temperature range of our microstructured silicone molds, which was 
about 350 °C.  The metals were commercially available alloys CerroTru and CerroBend.  
CerroTru was composed of 58% Bismuth and 42% Tin, had a melting point of 138 °C, a 
compressive strength of 62 MPa sustainable for 5 minutes, and a Brinell Hardness of 22.  
CerroBend was composed of 50% Bismuth, 26.7% Lead, 11.3% Tin, and 8.5% Cadmium.  
CerroBend melted at 70 °C, had a compressive strength of 28 MPa sustainable for 5 minutes, and 
a Brinell Hardness of 9.2 [25].   
Figure 5.1 shows the casting process, which was adopted from a previous approach to produce 
microstructures on curved ceramic [26].  The process begins with a flexible microstructured 
silicone master, Sylgard 184 by Dow Corning.  The silicone master itself was vacuum cast from 
a silicon master etched with the Bosch process.  A vacuum oven heated the silicone master to 20 
°C above the melting point of the metal.  Molten metal was poured onto the silicone master.  The 
vacuum oven degassed the molten metal for 5 minutes while maintaining a temperature 20 °C 
above melting point to keep the metal hot enough to remain liquid while air bubbles degassed.  
After the degassing step, the vacuum oven was vented to atmospheric pressure to decrease the 
size of any remaining gas bubbles within the metal.  The metal solidified upon cooling and the 
silicone master was easily released.   
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Figure 5.1.  Process for Microcasting Metal.  A)  Begin with a microstructured silicone master 
that was cast from silicon.  B)  Pour Molten Metal on top of silicone master.  C)  Place molten 
metal and silicone under vacuum to release entrapped gas.  Then vent to atmosphere to reduce 
size of any remaining gas bubbles.    D)  Cool and release metal with metal cast to shape of 
silicone master. 
 
 Figure 5.2 highlights results from the metal casting process.  Figure 5.2 A) shows an 
array of 10 µm diameter holes in metal that are 15 µm deep.  Figure 5.2 A) also shows the 400 
nm ridges inside a hole.  The 400 nm ridges came from the Bosch process that etched the 
original silicon master that cast the PDMS master.  Figure 5.2 B) shows cast metal pillars that are 
50 µm in diameter and 100 µm tall.  Metal solidification may induce wrinkling in the PDMS, 
which results in the observed surface finish of the metal microstructures. 
A systematic study showed that high fidelity metal microstructures can be replicated from 
master microstructures of size between 400 nm and 100 mm, and with height:width aspect ratio 
of up to 2:1.  Figure 5.3 shows the set of master silicone micropillars used, which were of 
diameter 100, 50, 25, 15, and 10 µm.  On the right hand side of Figure 5.3 the master pillars were 
all 15 µm tall.  On the left hand side of Figure 5.3 the master pillars were all 50 µm tall.  This set 
of master microstructures has sizes ranging from 10 to 100 µm and aspect ratios ranging from 
1:7 to 5:1.   
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A)   
 
B)  
Figure 5.2.  Microcast Metal.  A)  Metal with 10 µm diameter holes 15 µm deep.  400 nm ridges 
from the Bosch process are viewable in the picture showing a single 25 µm diameter hole.  B) 
Metal Pillars 50 µm Diameter and 100 µm Tall.   
 
Figure 5.4 shows metal microstructures cast from the silicone master.  All of the 15 µm 
tall master microstructures cast well into both metals, forming 15 µm deep holes that range in 
aspect ratio from 1:7 to 3:2.  Of the 50 µm tall master microstructures, the 100, 50, and 25 µm 
diameter master microstructures replicated well.  The 15 µm diameter x 50 µm tall master 
microstructures partially replicated.  Holes next to metal cast to the shape of buckled master 
pillars are evidence of the partial replication.  The 10 µm diameter x 50 µm tall master pillars did 
not replicate well – metal cast to the shape of buckled master pillars are evidence of poor 
replication.  For the 50 µm tall master microstructures, aspect ratios ranging from 1:2 to 2:1 
replicated well.  Figure 5.5 A) shows the 400 nm wide lines on the side of the master silicone 
 
 
60
pillars, and Figure 5.5 B) shows the 400 nm wide structures that replicated into both the 70 °C 
and 138 °C melting point metals.  The two metals used in this study cast microstructures equally 
well.   
 
Figure 5.3.  Set of microstructures in the silicone master.  Matrix showing master pillars with 
height 50 and 15 µm and structure widths of 100, 50, 25, 15, and 10 µm. 
 
One application of metal microstructures is for use as an embossing tool, and so the metal 
microstructures were used to emboss a polymer.  Figure 5.6 shows the embossing process, in 
which a metal master is pressed into a polymer.  When the polymer is a thermoplastic, heat is 
applied to soften the polymer, allowing the master to emboss the polymer with less force.  In this 
work, a hot plate heated a thermoset polymer precursor to partially cure the precursor instead of 
softening it.  Sylgard 184 base and accelerant were mixed in a 10:1 ratio by weight, and the 
mixture degassed under vacuum for 5 minutes.  A hot plate at 180 °C heated the silicone for 2 
minutes to partially cure the silicone.  Then 138 °C melting point metal that was cast into a 
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microstructured embossing die embossed the partially cured silicone.  The silicone fully cured 
for 1 minute at embossing pressure of 200 kPa.  When the microcast metal released the silicone, 
the holes from the microcast metal had embossed pillars into the silicone as shown in Figure 5.7.   
                                                          
Figure 5.4.  Set of metal microstructures cast.  Matrix showing quality of casting from master 
pillars with height 50 and 15 um; 2 metal alloys with melting points 70 °C and 138 °C; and 
structure widths of 100, 50, 25, 15, and 10 µm.   
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A)   
 
B)  
Figure 5.5.  400 nm wide structures in sidewall of A) Silicone master pillars and B) Metal holes 
cast from silicone master. 
 
 
 
Figure 5.6.  Process of Embossing Polymer.  A) The embossing process begins with a 
microstructured master and polymer.  B)  The master is pressed into the polymer.  C)  The 
replicated polymer is released from the master. 
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A)                      
 
B)   
Figure 5.7.  Microcast Metal used as embossing master.  A) silicone embossed by Microcast 
Metal.   B)  Left: 5 µl water droplet on flat silicone with contact angle 92°.  Right: 5 µl water 
droplet on silicone embossed with microstructured metal alloy with contact angle 152°.  The 
silicone pillars have a diameter of 10 µm, a pitch of 20 µm, and a height of 15 µm. 
 
The molding fidelity was of sufficient quality and homogeneity to produce a macroscopic 
effect.  The embossed micropillars enhanced the hydrophobicity of the silicone by mimicking the 
structure of the lotus plant, shown in Figure 5.7 B) [27, 28].  Figure 5.7 B) shows a 5 µl water 
droplet on flat silicone.  The angle the water droplet makes with the solid is denoted as the 
contact angle and is 92°.  Figure 5.7 B) shows that the contact angle increased to 152° after 
embossing the silicone with the microcast metal.  The contact angle is a static measure of 
hydrophobicity, and the slide angle is a dynamic measure.  The slide angle is measured by 
placing a droplet on a surface and then tilting that surface until the droplet slides.  10 µl water 
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droplets cling to flat silicone even when it tilts to 90°, but the pillars shown in Figure 5.7 B) 
reduce the slide angle to 48°.   
 Because the silicone mold is flexible, it is possible to mold microstructures onto curved 
surfaces [26].  Metal microstructures were cast into a macro cylindrical roller that could be used 
as a roller.  Figure 5.8 shows the process of microcasting a metal roller.  The process begins with 
a round macro master.  Microstructured polymer such as silicone lines the inside of the macro 
master.  Molten metal casts to the inside of the curved microstructured round master, and when 
the macro master and microstructured liner release the metal, a microstructured metal roller 
results.  Figure 5.9 shows the resulting microstructured metal roller that could be used in 
industrial roll-to-roll processes.  The roller is 8 mm in diameter, and the curvature of the roller is 
limited by the height and spacing of the structures on the flexible master.  If the structures are 
sufficiently tall and in sufficient proximity that they touch when they are flexed to the curvature 
of the macro mold, then the resulting metal roller will have distorted structures, and demolding 
may also be difficult. 
 
 
 
 
65
 
Figure 5.8.  Process of microcastng a Metal Roller.  A)  The process begins with a round macro 
master.  B) Microstructured polymer such as silicone lines the inside of the macro master.  C) 
Molten metal casts to the inside of the curved microstructured round master.  D) When the macro 
master and microstructured liner release the metal, a microstructured metal roller results. 
 
 
Figure 5.9.  Microcast Metal Roller showing 100 µm diameter holes 15 µm deep.  The roller 
could be used to emboss sheets of polymer in roll-to-roll processes. 
 
5.3 Discussion  
Previous techniques to produce metal microstructures have been mostly limited to flat 
surfaces and thin films.  Inexpensive, parallel processes that lack caustic chemicals do not 
currently exist for producing curved, bulk metal with three dimensional metal microstructures.  
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Much of the forging work to date has used SiC or diamond molds patterned by electron beam 
lithography to forge thin metal films deposited on silicon.  A metal film bonded to a second 
material has the general disadvantage of being constrained by the properties of the second 
material.  In this specific case, one constraint is flatness of the forged metal.  Molds made of SiC 
and diamond are expensive because of material and processing techniques.   
While using silicon molds can reduce the mold material and fabrication expense, silicon 
die wear and failure problems exist because of the brittle nature of silicon [5].  Designing the 
molds with sloped sidewalls lacking sharp edges and corners can mitigate mold wear and failure. 
Using maximum aspect ratios of 1:1 in mold structures also reduces mold wear and failure.  One 
previous report used finite element analysis (FEA) to investigate microscale room temperature 
imprinting of aluminum with silicon, and it suggests silicon mold wear occurs because of 
misalignment during molding and demolding, causing uneven tensile stresses and frictional 
tractions [10].  Ductile metals such as platinum, gold, and silver are often used in forging 
processes to mitigate die wear and failure.  While precious metals are ductile, they are also much 
more expensive than the alloys used in the present study.  Casting can be used to microstructure 
metals, but previous work has used lost mold techniques and brittle plaster molds to fabricate 
three dimensional submillimeter structures and one-dimensional microscale structures.   
Compliant polymer molds have an advantage over silicon in terms of wear, over lost molding 
techniques because polymer molds are reusable and also lack the wax and ceramic casting steps 
which introduce defects, and over brittle plaster in terms of demolding ease.  Also, replacing a 
worn polymer mold is inexpensive.   
Replication fidelity depended upon relative temperatures between the molten metal and 
the silicone and also the thickness of the silicone master, apparently due to the thermomechanical 
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deformation of silicone.  In the first trials, molten metal 30 °C above the silicone temperature 
was poured onto 0.7 mm thick silicone masters.  While the silicone microstructures replicated 
into the metal, but the silicone contracted and deformed the metal macrostructure.  Decreasing 
the temperature of the molten metal to equal the temperature of the preheated silicone and 
increasing the thickness of the silicone masters to 2 mm enabled the silicone masters to 
withstand the thermal stresses of casting and produced the results presented here.  We speculate 
that thin silicone would work well if adhered to a stiff surface.  Another challenge to casting the 
metal with high fidelity was the high surface tension of the molten metal.  Surface tension caused 
the liquid metal to be suspended on the tops of the silicone pillars rather than be in intimate 
contact with the spaces between the silicone pillars.  Applying mild pressure to the liquid metal 
caused the suspended liquid to collapse into the spaces between the silicone pillars.   
 
5.4 Conclusions 
The present work explores casting of low melting temperature metal alloys directly to 
microstructured silicone.  A systematic study showed that metal reliably cast to ridges with 
periodicity 400 nm and holes or pillars with diameter in the range 10-100 µm and aspect ratio up 
to 2:1.  The casting techniques required no solvents, and the mold used in this process is highly 
flexible in 2 dimensions, enabling fabrication of metal microstructures into surface curvature in 2 
dimensions.  Using silicone molds allows a route to metal microcasting that does not require 
microfabrication equipment.  This chapter demonstrates the usefulness of microstructured low 
melting temperature alloys by casting an embossing die that then embosses micropillars into 
polymer, enhancing the hydrophobicity of the polymer.  Another demonstration casts a 
microstructured cylindrical metal roller that could emboss sheets of polymer in roll-to-roll 
processes.  A roll-to-roll process could also be developed where a polymer roller micromolds a 
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continuous sheet of metal.  Molten metal could enter a cold polymer roller, and the roller could 
press the metal into its microstructures, outputting solidified microstructured metal in a 
continuous sheet.  Similarly, a microstructured polymer conveyor could be a mold for a 
continuous stream of molten metal that cools once the molten metal is cast to the polymer 
microstructures and is removed as a continuous sheet.  Future work will explore the minimum 
structure size attainable with the present casting technique and casting metals with higher 
melting points to silicone.   
5.5  References 
[1] Pornsin-sirirak T N, Tai Y C, Nassef H and Ho C M 2001 Titanium-alloy MEMS wing 
technology for a micro aerial vehicle application. Sensors and Actuators a-Physical. 
89(1-2) 95-103 
[2] Van Kessel P F, Hornbeck L J, Meier R E and Douglass M R 1998 MEMS-based 
projection display. Proceedings of the Ieee. 86(8) 1687-1704 
[3] Parker E R, Rao M P, Turner K L, Meinhart C D and MacDonald N C 2007 Bulk 
micromachined titanium microneedles. Journal of Microelectromechanical Systems. 
16(2) 289-295 
[4] Makela T, Haatainen T, Majander P, Ahopelto J and Lambertini V 2008 Continuous 
double-sided roll-to-roll imprinting of polymer film. Japanese Journal of Applied 
Physics. 47(6) 5142-5144 
[5] Bohm J, Schubert A, Otto T and Burkhardt T 2001 Micro-metalforming with silicon dies. 
Microsystem Technologies. 7(4) 191-195 
[6] Buzzi S, Robin F, Callegari V and Loffler J F 2008 Metal direct nanoimprinting for 
photonics. Microelectronic Engineering. 85(2) 419-424 
[7] Chen Y F, Zhou Y, Pan G H, Huq E, Lu B R, Xie S Q, Wan J, Shu Z, Qu X P, Liu R, 
Banu S, Birtwell S and Jiang L D 2008 Nanofabrication of SiC templates for direct hot 
embossing for metallic photonic structures and meta materials. Microelectronic 
Engineering. 85(5-6) 1147-1151 
[8] Cheng M C, Hsiung H Y, Lu Y T and Sung C K 2007 The effect of metal-film thickness 
on pattern formation by using direct imprint. Japanese Journal of Applied Physics Part 1-
Regular Papers Brief Communications & Review Papers. 46(9B) 6382-6386 
[9] Hsieh C W, Hsiung H Y, Lu Y T, Sung C K and Wang W H 2007 Fabrication of 
subwavelength metallic structures by using a metal direct imprinting process. Journal of 
Physics D-Applied Physics. 40(11) 3440-3447 
[10] Jiang J, Mei F H, Meng W J, Sinclair G B and Park S 2008 Direct microscale imprinting 
of Al at room temperature with Si inserts. Microsystem Technologies-Micro-and 
Nanosystems-Information Storage and Processing Systems. 14(6) 815-819 
 
 
69
[11] Lister K A, Thoms S, Macintyre D S, Wilkinson C D W, Weaver J M R and Casey B G 
2004 Direct imprint of sub-10 nm features into metal using diamond and SiC stamps. 
Journal of Vacuum Science & Technology B. 22(6) 3257-3259 
[12] Pang S W, Tamamura T, Nakao M, Ozawa A and Masuda H 1998 Direct nano-printing 
on Al substrate using a SiC mold. Journal of Vacuum Science & Technology B. 16(3) 
1145-1149 
[13] Makela T, Haatainen T, Majander P and Ahopelto J 2007 Continuous roll to roll 
nanoimprinting of inherently conducting polyaniline. Microelectronic Engineering. 84(5-
8) 877-879 
[14] Makela T, Jussila S, Kosonen H, Backlund T G, Sandberg H G O and Stubb H 2005 
Utilizing roll-to-roll techniques for manufacturing source-drain electrodes for all-polymer 
transistors. Synthetic Metals. 153(1-3) 285-288 
[15] Makela T, Jussila S, Vilkman M, Kosonen H and Korhonen R 2003 Roll-to-roll method 
for producing polyaniline patterns on paper. Synthetic Metals. 135(1-3) 41-42 
[16] Haatainen T, Majander P, Riekkinen T and Ahopelto J 2006 Nickel stamp fabrication 
using step and stamp imprint lithography. Microelectronic Engineering. 83(4-9 SPEC 
ISS) 948-950 
[17] Baumeister G, Okolo B and Rogner J 2008 Microcasting of Al bronze: influence of 
casting parameters on the microstructure and the mechanical properties. Microsystem 
Technologies-Micro-and Nanosystems-Information Storage and Processing Systems. 
14(9-11) 1647-1655 
[18] Baumeister G, Rath S and Hausselt J 2006 Microcasting of Al bronze and a gold base 
alloy improved by plaster-bonded investment. Microsystem Technologies-Micro-and 
Nanosystems-Information Storage and Processing Systems. 12(8) 773-777 
[19] Chen H L, Chuang S Y, Cheng H C, Lin C H and Chu T C 2006 Directly patterning 
metal films by nanoimprint lithography with low-temperature and low-pressure. 
Microelectronic Engineering. 83(4-9) 893-896 
[20] Cheng M C, Sung C K and Wang W H 2007 The effects of thin-film thickness on the 
formaton of metallic patterns by direct nanoimprint. Journal of Materials Processing 
Technology. 191(1-3) 326-330 
[21] Makela T, Lambertini V, Haatainen T, Majander P and Ahopelto J. Continuous 2-sided 
roll to roll nanopatterning of a polymer film. in 20th International Microprocesses and 
Nanotechnology Conference (MNC) 2007 Kyoto, Japan 
[22] Pan C T, Wu T T, Chang Y C and Huang J C 2008 Experiment and simulation of hot 
embossing of a bulk metallic glass with low pressure and temperature. Journal of 
Micromechanics and Microengineering. 18(2) 
[23] Pan C T, Wu T T, Chen M F, Chang Y C, Lee C J and Huang J C 2008 Hot embossing of 
micro-lens array on bulk metallic glass. Sensors and Actuators a-Physical. 141(2) 422-
431 
[24] Schmitz G J, Grohn M and Buhrig-Polaczek A 2007 Fabrication of micropatterned 
surfaces by improved investment casting. Advanced Engineering Materials. 9(4) 265-270 
[25] Bolton Metal Products:  Cerro Alloy Material Property Data Sheet,  2008: Bellefonte, 
PA, USA 
[26] Cannon A H, Allen A C, Graham S and King W P 2006 Molding ceramic microstructures 
on flat and curved surfaces with and without embedded carbon nanotubes. Journal of 
Micromechanics and Microengineering. 16(12) 2554-2563 
 
 
70
[27] Quere D 2005 Non-sticking drops. Reports on Progress in Physics. 68(11) 2495-2532 
[28] Quere D and Reyssat M 2008 Non-adhesive lotus and other hydrophobic materials. 
Philosophical Transactions of the Royal Society a-Mathematical Physical and 
Engineering Sciences. 366(1870) 1539-1556 
 
 
 
 
71
6 Microstructured metal molds fabricated via investment casting  
6.1 Introduction 
Many consumer products are manufactured by molding, and most molding tools are 
metal.  In micro- or nano-molding, metal molds are preferred over silicon or quartz molds 
because of their durability and reusability [1], but only a little work has been published on the 
scale up any of micromolding tools for the manufacture of microstructures over large areas.  This 
chapter describes investment casting to inexpensively scale-up the manufacture of 
microstructures on metal molds having sizes and shapes not previously reported. 
Metal microstructures are typically manufactured using forging [2-9], electroplating [1, 
10-13], or casting [14-16].  Here we briefly review these approaches.  Forging can produce small 
scale structures in ductile metals.  Either silicon carbide (SiC) or diamond can be used as an 
embossing tool to forge grooves into Aluminum [4, 5] or Nickel [3].  The forging can be done at 
elevated temperature where the metal is softer than at room temperautre.  Silicon molds can be 
used for metal forging [2, 7-9, 17, 18], although silicon does not have the compressive strength 
of diamond or SiC, and so silicon mold templates are limited to lower forging pressures and 
more ductile metals.  For example, silicon molds forged 250 nm wide and 1 µm tall structures 
into flat gold and silver [9] where the silicon mold was sacrificed.  It is not always necessary to 
sacrifice the silicon: it was possible to demold a silicon mold template following forging of 50 
µm structures into a thin film of aluminum on a silicon substrate [7].   
Microscale metal electroplating is less expensive than forging, but is slower and sample 
size can be limited.  Several recent reports have shown that flexible nickel sheets can be 
electroplated onto polymer structured by NIL after sputtering a conductive seed layer onto the 
structured polymer [10, 13, 19].  After dissolving the polymer in a lost mold process, the flexible 
 
 
72
nickel can be adhered to a roller that can emboss continuous sheets of polymer with 1 µm wide 
holes of depth 250 nm [1].  Electroplated Ni-Co has also been used to hot emboss Mg-Cu-Y bulk 
metallic glass (BMG) that then embossed plastic micro lenses [20, 21].   
Less work has been reported on the manufacture of metal microstructures by casting.  
One strategy for sub-millimeter casting of either aluminum-bronze or gold alloy is to cast into 
small plaster molds that were themselves cast from injection-molded plastic gears [14, 15].  One 
strategy for microscale metal casting of one dimensional structures is to cast microstructures into 
wax, cast ceramic into the wax, cure the ceramic in a lost wax method, and finally cast metal into 
the microstructured ceramic [22].  The lost wax method and ceramic casting can be avoided by 
directly casting the metal to a silicone mold, which has the advantage of being stretched into 
complex curved surfaces [16]. 
In general, existing techniques for manufacturing metal microstructures are limited to 
metal that is flat in a thin film.  These techniques are also expensive and not easily scaled.  This 
article describes the scalable manufacture of metal molds having microstructures integrated onto 
large, nonplanar surfaces.   
 
6.2 Experiments and results 
Figure 6.1 illustrates the manufacturing process chain.  Starting with a rapid prototyped 
polymer part, microstructured rubber is cast to the curved surface of the prototype, ceramic is 
cast to the curved surface of the microstructured rubber, metal is cast to the curved surface of the 
microstructured ceramic, and the end product is cast to or molded by the microstructured metal.  
Microstructures replicate through all steps in the process chain.  While Figure 6.1 shows the 
microstructured prototype with micropillars, the microstructures can be of any shape.  The 
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microstructured polymer used in this study was Sylgard 184 polydimethylsiloxane (PDMS) 
silicone mixed in a 10:1 wt. ratio of base:curing agent. The silicone master itself was vacuum 
cast from a microstructured and passivated silicon wafer. Once the micropatterned silicon 
template was produced, no further access to a microfabrication facility was required.   
Two methods can microstructure the prototype:  1) insertion of microstructured polymer 
and 2) direct molding of microstructures.  Figure 6.2 shows insertion of the microstructured 
silicone into the prototype which begins with flexible silicone and a prototype that has cm-scale 
grooves.  Flexible silicone was adhered to the cm-scale grooves of the prototype, resulting in a 
prototype part in which the silicone microstructures are integrated into a much larger three-
dimensional work piece.  Figure 6.2 shows a picture of a microstructured prototype with 
microstructures inserted and adhered inside the cm-scale grooves.   
Microstructures were also directly molded into the prototype, shown in Figure 6.3.  
Flexible polymer with microholes was adhered to a macro mold to create a microstructured 
mold.  Uncured silicone was deposited in the cm-scale grooves of the prototype, and a pressure 
of 10 kPa was used to press the microstructured mold into the uncured polymer.  Both the 
microstructured mold and prototype were placed in an oven at 70 °C for one hour for silicone 
curing.  The curved surface of the microstructured prototype had a conformal covering of 
microstructures using either the insertion or direct molding routes.  The prototype was 
microstructured with pillars having an aspect ratio of 1:1, sizes ranging from 10 to 50 µm, and 
cross sections of circular, square, and triangular shapes. 
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Figure 6.1.  The casting process chain begins with a prototype that has microstructures 
incorporated into its surface.  Rubber was cast to the microstructured prototype, ceramic was cast 
to the microstructured rubber, metal was cast to the microstructured ceramic, and the end product 
was cast to the microstructured metal mold.  The microstructures replicate through all steps in 
the process chain. 
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Figure 6.2.  At the beginning of the process chain, the prototype can be microstructured by 
Inserting flexible microstructured polymer into the cm-scale grooves of the prototype.  A) 
Inserting and adhering flexible microstructured polymer into the cm-scale grooves of the 
prototype.  B) Picture of prototype with microstructured polymer inserted into grooves. 
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Once the microstructured prototype was fabricated, the next step was to replicate the 
prototype into rubber, shown in Figure 6.4.  The entire prototype was replicated into rubber, 
including microstructures.  In this example, microholes were cast into the microstructured rubber 
from micropillars in the microstructured prototype.  A vacuum of 75 kPa assisted the casting of 
rubber into the microstructured prototype.  The microstructured prototype and rubber were cured 
in a 40 °C oven for 2.5 hours.  Figure 6.4 shows microstructures replicated in rubber, and 
comparison under an optical microscope showed that the microstructured rubber replicated the 
microstructured prototype with high fidelity for all structure sizes and shapes.  This result is 
reasonable, given that rubber has been cast with molecular scale resolution in previous research 
[23].  The microstructured prototype can be reused as a mold several times, allowing scale up of 
the microcasting process.  The prototype grooves had a radius of curvature of 5 mm, and the 
curvature of the rubber casting is limited by the height and spacing of the structures on the 
microstructured prototype.  If the microstructures are closely packed on a high curvature surface, 
the resulting replicate will have distorted structures, which could be difficult to demold.  
The microstructured rubber was then used as a mold for ceramic casting, shown in Figure 
6.5 [24].  The entire rubber was replicated into ceramic, including microstructures.  In this 
example, micropillars were cast into the microstructured ceramic by the microholes from the 
microstructured rubber.  The ceramic was a water-based plaster with particle size range 1-40 µm.  
Any investment casting plaster is suitable so long as its particles are smaller than the cast 
microstructures.  The ceramic hardened at room temperature over 45 minutes, and then cured at 
150 °C for 12 hours.  Figure 6.5 shows microstructures replicated in ceramic.  Each 
microstructured rubber can be reused as a mold dozens of times.   
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Figure 6.3.  A) At the beginning of the process chain, the prototype can be microstructured by 
Directly Molding microstructures onto the surface of the prototype.  Flexible polymer with 
microholes was adhered to a macro mold to create a microstructured mold.  Uncured polymer 
was deposited in the cm-scale grooves of the prototype, and the microstructured mold presses 
and heats the prototype and uncured polymer.  The microstructured mold releases the prototype 
resulting in a microstructured prototype.  B) Picture of the prototype with microstructures 
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Figure 6.4.  A) The microstructured prototype-to-rubber casting step.  When the rubber was cast 
to the microstructured prototype, the microstructured prototype surface replicated into the 
rubber.  B) Picture of microstructures replicated in rubber. 
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Figure 6.5.  A) The microstructured rubber-to-ceramic casting step.  When the ceramic was cast 
to the microstructured rubber, the microstructured rubber surface replicated into the ceramic.  B) 
Picture of microstructures replicated in ceramic. 
 
Finally, the microstructured ceramic was used as a mold for metal casting, shown in 
Figure 6.6.  The entire ceramic was replicated into metal, including microstructures.  In this 
example, metal microholes were cast from micropillars in the microstructured ceramic.  The 
metal was aluminum with melting temperature 659 °C and was injected into the ceramic mold.  
The ceramic plaster mold was then removed, and the aluminum was rinsed with water to clean 
plaster debris from the aluminum holes.  Each ceramic plaster can be used as a mold once 
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because it is destroyed when removing the aluminum casting.  Figure 6.6 shows a representative 
picture of microstructures replicated in metal and shows high casting fidelity. 
Both the large scale features and the small scale features of the original microstructured 
prototype were replicated into the metal molding tool.  Figure 6.7 shows the replication fidelity 
of the cast aluminum holes, which were 25 or 50 µm in size and had cross sectional shapes of 
circles, squares, and triangles.  The intrinsic plaster roughness began to dominate the 
microstructure fidelity for structures smaller than 25 µm.  However, the present process could be 
developed to fabricate nanometer scale metal structures on curved surfaces using ceramic [25, 
26] and metal [27] materials previously shown to be moldable at the nanoscale. 
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Figure 6.6.  A) The Microstructured ceramic-to-metal casting step.  When the metal was cast 
from the microstructured ceramic, the microstructured ceramic surface replicated into the metal.  
B) Picture of microstructures replicated in metal. 
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Figure 6.7.  Microcast holes in curved Aluminum.  The mold used for each Aluminum structure 
was the third generation ceramic mold cast from the third generation rubber mold. 
 
To show the usefulness of the microstructured metal molding tool, we demonstrated the 
casting of a rubber part from the metal mold, shown in Figure 6.8.  Figure 6.9 compares the 
curved microstructured silicone end product to the original silicone pillars of the curved 
microstructured prototype.  The casting fidelity was of sufficient quality and homogeneity to 
produce a macroscopic effect.  The cast micropillars enhanced the hydrophobicity of the silicone 
by mimicking the structure of the lotus plant [28, 29].  The angle a water droplet makes with a 
solid is denoted as the contact angle (CA) and was 102° for 10 µl of water on nonmicrostructured 
silicone.  Figure 6.9 shows that the contact angle increased to 147° after micropillars were cast 
into the silicone and adhered to the curved microstructured prototype.  After the microstructures 
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were cast into rubber, plaster, metal, and finally silicone the CA of the end product was 142°.  
The contact angle is a static measure of hydrophobicity, and the slide angle (SA) is a dynamic 
measure.  SA is measured by placing a droplet on a surface and then tilting that surface until the 
droplet slides.  10 µl water droplets cling to nonmicrostructured silicone even when the silicone 
is tilted to 90°, but the prototype silicone micropillars shown in Figure 6.9 reduce the SA to 28°.  
After the microstructures were cast into rubber, plaster, metal, and finally the silicone end 
product, the SA of the end product was 50°.  While casting created the end product shown in 
Figure 6.9, molding methods could have been used.   
                
Figure 6.8.  A) The microstructured metal-to-end product casting step.  When the end product 
was cast to the microstructured metal, the microstructured metal surface replicated into the end 
product. 
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Figure 6.9.  Top:  Original curved microstructured prototype mold.  10 µl water droplets that 
were placed on the prototype had a contact angle of 147° and began sliding when tilted to 28°.  
Bottom:   Curved microstructured end product (silicone rubber).  10 µl water droplets that were 
placed on the end product had a contact angle of 142° and began sliding when tilted to 50°. 
 
6.3 Conclusions 
 This chapter reports a scalable manufacturing process for fabricating microstructures into 
the curved surface of metal molds.  Metal was reliably cast from ceramic structures as small as 
25 µm with an aspect ratio of 1:1 and cross sectional shapes of circles, squares, and triangles.  
The casting techniques required no solvents, and the silicone mold used in this process is highly 
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flexible in 2 dimensions, enabling fabrication of metal microstructures into surface curvature in 2 
dimensions.  Using silicone molds allows a route to metal microcasting that does not require 
microfabrication equipment.  This chapter demonstrates the usefulness of the technique by 
casting micropillars into polymer from an aluminum mold, enhancing the hydrophobicity of the 
polymer.  Future work will explore different mold materials that could enable smaller structure 
sizes. 
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7 Conclusions and future work 
This dissertation explores the interaction between liquids and microstructured solids for 
superhydrophobicity and metal microcasting.  For superhydrophobicity the present work has 
three main areas of interest:  contact lines, curved surfaces, and directing impinging droplets.  
Contact lines were a focus of this dissertation because while contact lines are significant aspects 
of superhydrophobicity, techniques do not exist to fully probe contact lines.  We investigated 
curved, flexible superhydrophobic surfaces because an advantage to the structured polymer 
discussed in this dissertation is the ability to conform to complex curved surfaces, acting as a 
superhydrophobic skin for expensive corrosion prone surfaces.  While the geometry of the 
structures changes during flexing, no published research to date investigated how the flexure-
induced geometric changes affect superhydrophobicity.  This dissertation examines the trajectory 
redirection of droplet spray because the technology could be useful for water harvesting in arid 
environments or redirecting fluid away from sensitive components.  For metal microcasting the 
present work has two areas of interest:  reusable flexible molds for curved surfaces, and scalable 
high temperature metal microcasting for curved surfaces.  This dissertation demonstrates for both 
metal microcasting areas the fabrication of embossing tools that produce superhydrophobic 
surfaces with a low-cost high throughput process. 
Using frozen metal droplets as snapshots of droplets resting on microstructured surfaces 
illuminated previously inaccessible contact line phenomena.  The method helped explain why 
previous work has found decreasing resistance to sliding with decreasing structure size [1, 2].  
Smaller energy barriers between contact line shapes allowed the droplets to form more circular 
contact lines with smaller RRMS.  Therefore, when using RRMS as a metric for roughness metric, 
the results support the claim that a smooth, continuous contact line is desirable for decreased 
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dynamic resistance [3].    The metal droplet method could be used for large areas of curved, 
opaque surfaces unlike other current techniques for examining interfacial geometry.   
The present work shows that the flexure of microstructured materials affects hydrophobic 
characteristics.  As curvature becomes more positive, dynamic hydrophobicity increases until the 
curvature reaches a critical point where a transition from the Cassie-Baxter to Wenzel state 
theoretically occurs.  Curvature affects hydrophobicity because curvature changes solid-liquid 
interaction on 1) the Microscale because curvature alters pillar-droplet interactions through pitch 
alteration and contact line reorientation and 2) the Macroscale because the natural geometry of 
the droplet can be interrupted by negative curvature or abandoned by positive curvature.  The 
critical curvature constraints discussed in this dissertation can be used to design microstructure 
geometries that maintain the Cassie-Baxter state when curved surfaces are covered with 
microstructured polymers for corrosion resistance or fluid control.   
Studies on droplets impacting isotropic and anisotropic microstructures showed useful 
trends that can instruct the design of hydrophobic microstructured surfaces.  As rotation angle ψ 
decreased, a greater fraction of the kinetic energy of the impacting droplet caused the droplet 
contact line to move along the solid ridge top as opposed to onto the adjacent ridge.  A contact 
line perspective also helped us understand why higher spacing leads to higher deflected angle η:  
the energy barrier was higher for the droplet contact line to move over a 20 µm wide air gap 
compared to a 10 µm air gap.  While we observed intermittent open channel flow for 20 µm 
spacing microstructures below 35° rotation angle ψ and consistent open channel flow in the 0° 
rotation angle ψ case, open channel flow was not observed for 10 µm spacing microstructures 
because the decreased spacing and therefore increased area fraction did not allow full wetting 
between the microstructures.  When open channel flow did occur, water evacuated the surface in 
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a directed manner unlike smooth silicone which caused a pile up of droplets.   
To promote the inexpensive fabrication of superhydrophobic microstructures we 
demonstrated a metal microcasting technique that produced metal masters which in turn acted as 
molds for fabricating superhydrophobic polymer.  We showed that low melting temperature 
metal can be reliably cast to silicone ridges with periodicity 400 nm and holes or pillars with 
diameter in the range 10-100 µm and aspect ratio up to 2:1.  The casting techniques required no 
solvents, and the mold used in this process was highly flexible in two dimensions, enabling 
fabrication of metal microstructures into surface curvature in two dimensions.  Using silicone 
molds allowed a route to metal microcasting that does not require microfabrication equipment.  
This dissertation demonstrates the usefulness of microstructured low melting temperature alloys 
by casting an embossing die that then embosses micropillars into polymer, enhancing the 
hydrophobicity of the polymer.  Another demonstration casts a microstructured cylindrical metal 
roller that could emboss sheets of polymer in roll-to-roll processes.   
To increase the temperature range of the metal microcasting technique and increase 
scalability, this dissertation reports a manufacturing process where one wafer-scale 
microstructured sample of silicone can fabricate microstructures into the curved surface of 
hundreds of metal molds.  Metal was reliably cast from ceramic structures as small as 25 µm 
with an aspect ratio of 1:1 and cross sectional shapes of circles, squares, and triangles.  The high 
temperature metal casting techniques also required no solvents, and the flexibility of the silicone 
mold enables fabrication of high temperature metal microstructures into surface curvature in two 
dimensions.  This dissertation demonstrates the usefulness of the technique by casting 
micropillars into polymer from an aluminum mold, enhancing the hydrophobicity of the 
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polymer.  These contributions provide tools for increased superhydrophobic comprehension and 
capability and also for the inexpensive fabrication of microstructured devices. 
 
7.1 Future work 
 Extending superhydrophobic work to better understand contact line interactions, curved 
surfaces, and impacting droplets could improve device design and help superhydrophobic 
devices become everyday consumer products.  Future work on microcasting metal could focus 
on creating roll-to-roll processes with the metal rollers and investigate the effect of the cast 
surface microstructures on structural fatigue. 
 
7.1.1 Visualizing contact line phenomena on microstructured superhydrophobic surfaces 
 
   Investigations of contact lines on non-square lattices and other types of metal liquids 
could increase knowledge of contact lines for superhydrophobicity.  Triangular lattices may 
allow droplets to form more circular contact lines with lower RRMS, so experiments could hold 
constant the area fraction and area roughness ratio and perform the metal droplet method with 
surfaces with lattice arrangements of triangular, non-square rectangular, hexagonal and others.  
After performing slide angle tests on the same surfaces we could find correlations between 
microstructure geometries that cause desirable dynamic droplet behavior and contact line 
parameters.  Other molten metals and solid systems create different contact angles than the one 
used in this dissertation, and those contact angles could provide insight to contact line 
interactions of more superhydrophobic interactions than the water-on-fluorosilanated silicone 
discussed here.   
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7.1.2 Curvature affects superhydrophobicity on flexible microstructured silicone 
 
Expensive outdoor equipment with curved surfaces and pipe flow are two opportunities 
for superhydrophobic products to reduce resources spent on corrosion and energy, so future work 
could study how curvature affects droplet impact resistance of superhydrophobic microstructures 
and also how inner pipe flow is affected by curved pipes compared to flat-walled channels.  
Curvature changes microstructure pitch but also presents the sides of microstructures to 
impacting liquid penetrating the microstructure lattice.  The sides of the structures could affect 
pressure resistance due to re-entrant curvature effects [4] and different area/perimeter ratio λ 
compared to the microstructure tops.  Because the silicone is highly flexible in two dimensions, 
superhydrophobic effects on two dimensional surface curvature should also be explored. 
 
7.1.3 Droplet bouncing and trajectory redirection on isotropic and anisotropic 
microstructures 
 
The present work showed that 5 µm structures worked well for droplet trajectory 
redirection, but larger structure sizes caused far less redirection and droplet evacuation, so future 
work could perform similar tests on structure sizes smaller than 5 µm.  A reduction of impact-
induced wetting during impact could cause more droplets to experience the bouncing mode, so 
the microstructures could also be coated with superhydrophobic nanostructures [1, 5].  Because 
many applications require curved surfaces covered in flexible superhydrophobic microstructured 
polymer films, future work could study redirected droplet trajectory on curved microstructured 
surfaces.  We observed anecdotal evidence during this study that droplet size plays a role in 
droplet redirection, so future work could explore the effect of droplet size by using droplet 
generators with different orifice sizes, alternate function generator driving frequencies, and lower 
pressures. 
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7.1.4 Casting metal microstructures from a reusable and flexible mold 
Roll-to-roll processes produce microstructured surfaces with low cost and high 
throughput, so a roll-to-roll process could be developed where a polymer roller micromolds a 
continuous sheet of metal.  Molten metal could enter a cold polymer roller, and the roller could 
press the metal into its microstructures, outputting solidified microstructured metal in a 
continuous sheet.  Similarly, a microstructured polymer conveyor could be a mold for a 
continuous stream of molten metal that cools once the molten metal is cast to the polymer 
microstructures and is removed as a continuous sheet.  Future work could explore the minimum 
structure size attainable with the present casting technique and casting metals with higher 
melting points to silicone such as tin. 
 
7.1.5 Microstructured metal molds fabricated via investment casting 
Because many desirable effects are enhanced by small structure volume/surface ratio and 
top area/perimeter ratio, mold materials that could enable smaller structure sizes could be 
explored.  Surface microstructures may act as cracks in the cast metal and cause weakened 
macrostructure and crack propagation during repeated molding uses.  To engineer the 
microstructured parts for robust use, cyclic stresses on the cast microstructured metal should be 
investigated.   
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